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TRANSLATOR’S FOREWORD 


Du.i..L. .he past te.. or fifteen years there has been a marked resu^ence of 
interest in inorganic chemistry in Great Britain and the United States. The need 
for a detailed understanding of the chemical relationships between the elements 
in many pure and applied research problems has become apparent, and increased 
attention has been given to the chemistry of the elements in university courses. 
In consequence, many have felt the need for a comprehensive text in the English 
language setting out the subject in its present state of development. Such a work 
needs to cover the whole of the factual material and to bring it into proper 
relationship with the relevant thermodynamic, kinetic and structural data. 

Amongst German texts, successive editions of Remy’s Lehrbuch der an- 
organisefun Chmie have gone far to meet this need, and it is to be hoped that 
this translation will prove valuable to a wide circle of readers. The translation 
has been based upon Professor Remy’s latest revision of this standard work, and 
has been brought up to date as far as is practicable in a rapidly changing field of 
activity. With the author’s permission, a few passages have been modified by the 
translator. Thermodynamic conventions have been changed where necessary, to 


follow American usage. 

I'hc author is indebted to Mr. J. D. M. McConnell B.Sc. for undertaking the 
task of proof correction, and for his care in the final preparation of the text. 


Melbourne, September 1955 


J. S. Anderson 
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SOME IMPORTANT PHYSICAL CONSTANTS 


Aholuir tcmperaluTc of the melting point of ice, To-c - 273 -> 6 °K-^ 
Atmosphm (normal pressure), l atm. = 1.013250 • to yne cm 

Ai'OgaJro's number, A .1 — 6.0238 • 10”. 

BolUrnantis constant, k --- 1.38026 ■ 10-**. 

Elementary quantum of electricity, e = 4.8022 • lo e.s.u. 
e.m.u.' - 1.60186 • io'‘" coulomb. 

Specific charge on the electron ^ = >- 759 ‘ ' >0" coulomb g *. 


10 


-to 


1 erg 


i'nus (watt-seconds) =2.777778 • lO'” kWh = 0.239006 ■ .0- cal. 

, liter-atmosphere = ..0.3278 • >o*erg = .01.3278 joules = 2.8.466 ■ .0-»kWh 
= 24.2180 cal. 

.cm»at.n.= ' = o. .0.325 joules = 2.8.458 • .o-kWh = 2.42.77 ' to-* cal. 

. cal (thermocLmical gram-calorie) =4..840 joule = ...6222 kWh =0.04.292 
l-atm. = 41.293 cm’atm. 

I calls. {15“ calorie) = 4.1855 joules = 1.00036 cal. 

I ev (electron-volt) = 1.6020 • lo-** joules = 3.829 - 10-” cal. 

I ev per molecule is equivalent to 23.064 kcal per ^ 

Energy of a light quantum (photon) of wave length X cm, ^ * 1.98574 ‘ *0 

erg = ^ • 1.23954- io-‘ev. 

This corresponds to ^ • 11.9617 joules per mol or ^ • 2.85892 cal per mol. 

Faraday (electrical charge per gram equivalent), i g = 96493 coulombs. This re¬ 
presents 26.804 ampere-hours. 

Gas constant, R = 0.082054 l-atm. = 8.3144 joules — 1.9872 cal. 

Velocity of light, c = 2.9979 • to” cm sec-’. 

Liter (volume of i kg of air free water at its temperature of maximum density), 
I 1 = 1000.028 cm*. 

Molar volume of ideal gas (at o®, 760 mm pressure) = 22.414 1 = 22414.5 cm*. 
Acceleration of gravity (normal value, at sea level and 45® latitude), g® = 98^*885 
cm sec-*. 

Qjiantum of action (Planck’s constant), k = 6.6238 • 10-*’ erg sec. 

c .L r . I physical atomic weight\ 

Smythe factor I = ^ ^ , • -•- l. I = I.OO0279. 

■' ' chemical atomic weight/ 



INTRODUCTION 


In Volume I, the elements of the Main Groups of the Periodic System were taken 
as comprising all the elements (inclusive of hydrogen) with atomic numbers either 
I or 2 units larger, or between 5 and 1 units smaller, than the atomic number of an 
inert gas. All the other elements are relegated to Sub-groups of the Periodic System, 
except for the 14 elements immediately following lanthanum, which make up the 
special series of lanthanide elements, and also the elements following uranium, which 
again constitute a special series, the transuranic elementSy or uranides. 

Thus the Sub-groups of the Periodic Table (cf. Table II, in the appendix to Vol. I) 
include the elements with atomic numbers 21 to 30, 39 to 48, 57, 72 to Oo and 89 
to 92. They make up 2 half-periods of the system, each of 10 elements, and also 10 
elements in a long sub-period of 24 elements in all; in the latter case, 14 of the 
elements belong to the lanthanide series. There are also 4 elements of a further sub¬ 
period, beginning with actinium = 89). From the standpoint of atomic struc¬ 
ture, it is possible that out of the elements 89 to 92, only actinium is properly 
regarded as a Sub-group element. It is possible, but not proven, that the next 
element (thorium) begins another series which, like the lanthanide series, is as¬ 
sociated with the filling of/-levels (the actinide series). As has been stated in Vol. I, 
however, the first three elements (thorium, protactinium, and uranium) are 
usually considered to be Sub-group elements for practical reasons (i.e., because of 
their chemical similarities), whereas the elements following uranium are assigned 
to a special group. 

There is a more or less close relationship between the Sub-group elements and 
the corresponding Main Group elements (i.e., those belonging to the same family 
of the Periodic System). The resemblance is closest at the place where the bifurca¬ 
tion into Main Groups and Sub-groups commences—i.e., in the third family. With 
increase in atomic number and in group number, the resemblance diminishes from 
Group III to Group VII until, in Group VIII, it has completely disappeared. 
With continued increase of atomic number, we reach Sub-group I, which is writ¬ 
ten as the next row in the short-period form of the Table. Certain similarities 
between Main Group and Sub-group reappear at this stage, and these become 
stronger as one passes to Group II, where the Sub-groups merge again into the 
Main Groups. In order to fit the Sub-group elements into the same 8 families as the 
Main Group elements, 3 very closely similar elements in every sub-period of 10 
must be included within a single group. These ‘triads’ are Fe, Co, Ni-Ru, Rh, Pd 
and Os, Ir, Pt, respectively. 



NXII 


INTRODUCTION 


In evcrv case, the elements of the Sub-groups bear an especially close resem- 
hKuu e u> the Sfcori.l clement of the corresponding Main Group. This has already 
been rerened to several times in \'oI. I, in considering the Main Groups. This 
^imiiantv also diminishes from Group III to Group \'n, disappears in Group 
\ I 1 I. and reappears in Group I to become still more marked in going from Group 

1 to Ciroiip 11- 

I here is a particularly close resemblance between the elements of each Sub¬ 
group among themselves. In the middle of the Periodic System (Groups III, IV 
and . this simiiaritv is hardly less close than that exhibited between the heavier 
elements of the Main Groups. In one particular case, in fact (zirconium and haf- 
nitim \ It is greater than that exhibited by any pair of homologues in the Main 
Ciroups. In general, lunvever, elements belonging to the same Sub-group do not 
show sucli close agreement in the matter of valence states as do the Main Group 
elements. Many of the elements of the Sub-groups are able to change their valence 
state readily. This ready variability of valence reaches its maximum in the Vlllth 
Sub-group. 

In addition to their readily variable valence, the elements of the Sub-groups 
possess several other characteristics. Thus most of them are paramagnetic in a num¬ 
ber ^sometimes the majority) of their compounds. They can also form colored eU- 
nunUiry electrolytic ions —a property not displayed by any Main Group elements. 

Similarities between adjacent (consecutive) elements are far more evident in 
the Sub-groups than in the Main Groups of the Periodic System. In fact, such 
resemblances are frequently more important in the Sub-groups than the similari¬ 
ties between homologues (i.e., between elements standing one above the other in 
the Periodic System). Thus in its properties, and in the types and chemical be¬ 
havior of the compounds it forms, iron resembles its neighbors, manganese and cobalt, 
more closely than it does its homologues, ruthenium and osmium. The same is true of 
cobalt and of nickel. These last elements, together with iron, belong to Sub-group 
\’ 11 I of the Periodic System. Resemblances in the horizontal direction are most 
strongly marked within and immediately in the neighborhood of Group VIII, 

It formerly seemed that the occurrence of the Sub-groups constituted a break in the 
regular character of the Periodic System. It can now be seen that it is a necessary conse¬ 
quence of the general laws governing the disposition of electrons within the atom. As is 
shown by spectroscopic observations, the Sub-groups in the Periodic System arise from the 
fact that, as the nuclear charge of the atoms increases and successive electrons arc added, 
it is not a valid generalization that (to use a graphic form of expression), successive electrons 
are added ‘outside already filled shells’. At certain stages in the sequence of the elements, 
the electrons enter orbits ‘inside’ already filled shells. A more precise form of expression is 
that, at certain stages in the sequence, although levels with the principal quantum number 
n are already occupied, further increase in the nuclear charge is associated with the entry 
of electrons into orbits of lower principal quantum number, n- 1 or n-2. It is possible to de¬ 
duce from spectroscopic evidence at what element this first occurs*.Itis also possiblefrom 
the theory of atomic structure to state why this should take place. 

Attention has already been drawn (in discussing Main Group II of the Periodic Table) 
to a characteristic difference between the spectra of singly ionized calcium and of neutral 
potassium, which are fully analogous in other respects. The spectral terms show that in 

* This conclusion had already been reached by Ladenburg (1920). from the paramag¬ 
netism and color of the ions of the Sub-group elements, even before the proof that ‘inter¬ 
mediate’ electron shclb were formed had been established by the analysis of spectroscopic 
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Ca*. the 3</-orbit (or the docs not represent a higher energy < ontent ol tlw atom 

than the 4/J-lcvel, as in K. but a lower energ\ state. It may be seen from a roniparison of th< 
energy levels in the potassium atom and the singly ionized calcium atom (in l ig. ■)C), p 
232 of \ ol. I > that the 3//-encrg\ level would have to drop only a little lower r< lativel\. t)i 
the 4J»level be relatively raised b>’ a little, for the 3i/-les'el to r«'prcs<'nt a state of lower energy 
than the 4.t-level. It may be seen that in .going from the arc spectrum of potassium to th« 
spark spectrum of calcium there is both a considerable rise in the energy of the 4-»-le\ < l (th( 
salue for (Ja* is divided by 4. to allow for the unscreened nuclear <'harge,i. and a decrease in 
the energy of the 3</-state. I hereforc it must be anticipated tliat in the next eh inent, 
scandium, the energy of the 4^ state in the spectrum of the doubly ionized atom. Sc* *, will 
have overtaken that of the 3/f state. This expectation lias been fully borne out by the term 
analysis of the scandium spectrum. I he ground slate of the 19th electron in scandium is no 
longer a 4J-level. as it is in potassium and calcium, but is a 3</-level. 1 he 20th electron is the 
first one to enter a 4j-lcvel. in its normal state, as can be deduced from the spectrum of 
singly ionized scandium. The 21st electron in scandium also occupies a 4v*lcvel. We thus 
arrive at the following electron configuration for scandium in its ground state; 


li* 3i*3/>*3rf 4J* 

\ 3 ith further increase in the nuclear charge, a stage is soon reached in which not only is 
the 19th electron bound in a 3rf-state. but the same is true first of some, and ultimately of all 
the electrons subsequently added, up to the maximum number of electrons that can be 
accommodated in 3</-states (i.e., 10). Whereas in scandium the 20th and 21SI electrons are 
bound in 4J-statos, it has been inferred from the spectrum of lilanium, the next element, that 
both the 19th and the 20lh electrons are bound in 3</-lcvels, while the 21st and 22nd elec¬ 
trons in titanium are in 4J-le\ els. For lanadiutn, the spectrum shows that th<* 19th. 20ih and 
2ist electrons are bound in 3</-levels, with the 22nd and 23rd electrons in the 4.(-le\<-l.* 
The same is true of the elements which follow next in the sequence. .\ll the elements up to 
nickel contain, at the most. 2 electrons in levels with principal quantum number 4. The 
other ‘outer’ electrons are bound in 3d-levels. (.Sec Table II, \ o]. I, appendix.) 

The fret that one electron in scandium is bound in a t/-levcl. instead of in a /j-levcl as with 
the elements of the Illrd Main Group, has only a very slight influence on the chemical 
properties of scandium itself. The determining factor for most chemical properties is the 
relative case w-ith which electrons are split off. This is particularly true of the valence 
properties exhibited in electrovalent compounds. The fact that calcium has a maximum 
electroN'alence of +2—i.e.. that it can give up only the two electrons which arc bound 
in 4J states in the ground state of the calcium atom, and not the electrons occupying 3/# 
states—is conditioned by the much tighter binding of the latter, as compared with the for¬ 
mer. Scandium, in its ground state, has one electron in a 3</-Ievel: but since this is bound 
only a little more tightly than the electrons of the 4J-levcI. the chemical character is not 
much influenced. Analogous considerations apply to the elements that follow. However, 
it is probable that the greater lability of the valence states of the Sub-group elements, as 
compared with the Main Group elements, is to be associated with the different electron 
configurations in their atoms. 

One important consequence of the assignment of electrons to levels of lower principal 
quantum number (‘inner shells’) is that in the element following 8 places after argon (i.e.. 
iron. = 26), the ‘outermost shell’ has not yet attained the configuration of the inert gases, 
reprc'sentcd by the symbol nj- n/;*. Since both in scandium itselfand in tin* elements which 
follow scandium, some of the electrons arc always bound in 3</-lcvc!s, there are at first not 
enough electrons available for a new ‘inert gas configuration’ to be built up (which, in this 
case, would contain tv\'0 4J and six 4/* electrons). Only when it is impossible to accommodate any 
more electrons in •^d-levels can the leiels with principal quantum number 4 be filled up ; and a new ‘inert 
gas shell’ be built up. The fact that krypton follows 18 places after argon shows that 
18— (2 + 6) = 10 electrons in all must be assigned to the 3rf-level. Exactly the same 
applies in the next long period. The occupation of an ‘inner shell’ begins again with^'drtwm, 
as is show'n by the spectral terms. Thus from yttrium onwards, electrons enter the 4<f-levcls, 
instead of the jj- and 5/»-levels. Again, 10 electrons in all enter 4<f-levcls, so that xenon, the 

* This is for the neutral vanadium atom. In the singly ionized vanadium atom, the 22nd 
electron is also bound in a 3<f-level. 
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,„.M m, r, fas. follows ,8 , = ,o - 2 - O' places afier krypton. The building up of inner 
rU ciron shells starts acain in ihr next period (8th senes) \% ith lanthanum. In this case, how- 
tv r ih< are luo qroups of enerqv levels with principal quantum number less than o, 
.vailabl.- for orc up.ition. Vhcsv arc .he .j/-levd and the s^-level. The next inert gas (radon) 
U d„-r. fore riKOunten d only when all these ‘inner shells’ have been occupied and the 6p- 
h k. U tlu-reaft.T lill.d. As has already been staled in Vol. I, the elements in which the inner 
sh. IN ar«' b.me proeressi\elv tilled are known generally as Iransition elements. 

In ill.- siMh [leriod of the Table, between lanthanum and the row of Sub-group elements 
tx einnine with luifnium. there is interposed yet another sub-period, consisting of elements 
<)l .pc-rial eharacteristif.s—namely tho.se that closely resemble lanthanum {the lanthanide 
srrt. s This fart show^ that the two electron shells concerned are built up in turn. Since the 
el. in. Mts immediately following lanthanum all have the same valence as lanthanum (ex- 
<< pi m so far as a few of these elements can be quadrivalent or bivalent, as well as trivalcnt), 
n mav be inlerr. d that the ‘innermost’ of the two shells is filled up firet—i.c.. the4/-lcvclis 
the tirst to be filled. This conelusion is confirmed by the term analysis of the spectra. Elec- 
iroiiN in the .f'‘-leeel are so much more Hrmly bound than those in the jrf and 6i levels that 
thev do not. in general affeet the valence properties of the elements. Thus the valence 
remains nenerallv constant while the 4/-levcl is being filled up. The numier of elements in the 
lanthanub- series can also be deduced. By analogy- with its lighter homologues, radon, the 
m xt ini ri ga.s. should have two electrons in 6s- and six electrons in 6/)-lcvels. Radon is 
separati d by 32 places from the preceding inert gas, krypton, and since by analogy with the 
fillim’ of the 3rfand ^d-k veh. 10 electrons must be required to fill the s^-levels, to give a set 
of elements resembling those of the earlier Sub-groups, It follows from the theory of atomic 
structure that 14 (= 32—(to — 2 -f- 6J) elements should be contained in the lanthanide 
series. In agreement with this, it has been found that lanlhanum-likc properties extend just 
to the «leinent of atomic number 71, standing 14 places after lanthanum. The next clement, 
hafnium (atomic number 721. no longer has the properties of a lanthanide clement, but— 
like lanthanum itself—has the properties of a Sub-group clement. With hafnium, the series 
of 10 <'lements of ‘Sub-group character’ thus continues. In the third long period, this series 
thus comprises lanthanum = 57), hafnium {.^ = 72). and the elements following haf¬ 
nium, as far as mercury = 80). 

Finaliy. it may be expected that the filling of an inner shell ought to begin again at some 
stage in the series following radon. In radium (.^ = 88), the most loosely bound electrons 
in the ground state of the atom belong to the 75 level, but with actinium = 89), the 
assignment of electrons to ^/-levels (6d-lcvcls) begins again. Actinium therefore has the 
character of a Sub-group element, and is the first member of a sequence of elements with 
.Sub-group properties in the fourth long Period. However, in elements following actinium 
the filling of the 5y*-lcvcls commences—possibly even with the next element, thorium 
iZ = 9 ^N Hence,actinium is followed either immediately or later by the sub-period of 
actinide elements, correspKjnding to the filling up of the 5y‘-lcvcls, in just the same way as 
lanthanum is succeeded by the lanthanides, because of the filling of 4/-lcvels. 


Tabic II (\'o!. I, Appendix) summarizes the distribution of the electrons over 
the various energy levels in the ground state of the atoms. The electronic configur¬ 
ations given in the table are mostly based on spectroscopic data (including X-ray 
spectra). 


In a few cases, the electronic configurations cannot be regarded as proved. It is possible 
that for 4oZr the configuration of the outer electrons should be 4^5^* (analogous to t^Ti), 
instead ol the assignment 4^5^ given in the Table. Seaborg considers that the following are 
the most probable electronic configurations (beyond the xenon shell) for the elements 581063: 

wNd «iPni eiSm eaEu 

4f^6s'- 4 /’ 6 j * 4 /« 6 j * 4 /‘ 6 j » 4f*6s^ 4 /^ 6 ^* 

In addition to the configurations given in Table II, the following electron assignments 
(beyond the preceding inert gas configurations) also have to be considered as possible for 
elements 43, Gg^and 70, and 90 to 95: 
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43 


Tc 


69 


Tm 


:oYb 


90 


Ih 


15 ^ 07 - 7 *'- 


91 Pa 

• 7 *- 


9 ..U 

b./« 7 v 2 


sjNp 

I6rf^7x2 


9 ,P<I 


yjAtn 


[Scr Dawson, jV»/WfonjV*, lo {195a) 39] 


The electronic configurations as taln.latecl in \„l. I, Appetuiix, onh take 
account of the subd.vtston of the energy levels by the one subsidiary quantun, 
number / i.e,, by the azimuthal or angular quantum runnber. On the basis of 

the spectroscopic data it is possible to subdivide the energy levels further, in terms 

of the. two other subsidiary quantum numbers 1/1 and s (cf \'ol 1 p 120) I'his 

further analysis is important in that the possible values of the four quantum'mmi- 
hers, together with the Pauli principle (X’ol. I), determine the possible number of 
electrons m the various levels, in the ground state of the atom, for every value of 
the nuclear charge. The whole of the Periodic Svstem, in its broad essentials can 
therefore be based theoretically on a single principle. It was shown in N'ol. I Chapter 
4, that the maximum number of electrons in the electron shells of the inert .gases — 
and therefore the length of the so-called short periods’-could be deduced from 
the Pauli principle. The occurrence of energy levels with the angular momentum 
quantum number I = 2 similarly results in the formation of the 'long periods’ of 
18 elements. For I = 2, rn may take on the values —2, — 1, o, + 1, 4-2, and since 
each of these corresponds to two possible values ofr, there are thus 10 possible 
combinations of quantum numbers lo be added to the 8 already provided by the 
quantum numbers / = o and / = 1. Similarly, for / = 3, the possible values of m 
are 3, 2, i, o, -f 1, -|-2 and +3. For each of these, s may be 4-^ or —.1, 

giving 14 combinations of quantum numbers which become available through the 
existence of energy states with the angular momentum quantum number / — 3. 

It is this set of 14 quantum number combinations which gives rise to the existence 
of the lanthanide series, and therefore results in the length of the period increasing 

from i8 to 32. The existence and predicted extent of the actinide series is explained 
analogously. 


It remains to be considered why the filling of‘inner shells’ should take place only at cer¬ 
tain definite places in the sequence of the elements. This can be understood in terms of the 
same re^oning as was used in Vol. I. Chap. 4 to justify the statement that the energy of an 
electronic orbit outside the ts-lcvel in the heavier atoms varies with the angular momentum 
quantum number / in a different manner from that which would be expected simply by 
making allowance for the relativistic variation of electronic mass with velocity. For clarity, 
the reasoning will be developed in terms of the Bohr-Sommcrfeld atom model. It follows 
from this that in potassium, for example, the 19th electron is very considerably more strongly 
bound in a 4s-level than in a 4y-level. The latter, in the Bohr-Sommerfeld theory, corres¬ 
ponds to a 44 orbit, i.e., a circular orbit in which, in the case of potassium, the effective 
nuclear charge acting on the electron is completely screened except for about one unit of 
charge. The 4J-level, however, corresponds to a Bohr-Sommerfeld 4, orbit—i.e., an orbit 
of high ellipticity. The electron in this orbit must be more tightly bound than in the 4, 
orbit, since the strongly elliptic 4, orbit penetrates deeply into the inner, screening 
orbits, so that for part of the time the electron closely approaches the nucleus of the 
atom (with its charge of ig units, in the case of potassium). For the same reason the 19th 
electron in potassium is more tightly bound in the 41 orbit than in a 33 orbit. However, 
the binding force on an electron in a 33 orbit increases considerably in going from potassium 
to calcium. Assuming that the nuclear charge acting on an electron in a 33 orbit of 
potassium is fully screened, except for a single unit of charge, the effective nuclear 
charge would be about 2 in calcium and about 3 in scandium. It follows from eq. (ii) 
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r 1 1 r i.Tn i that the binding energy of an electron in a 33 orbit increases with 

die square of llu'sV numbers. Ihe binding energy of an electron in a 4, orbit increases much 
mure siowlv since il is larg.'ly d.-lermined by the total nuclear charge which rises only Irom 
.q to 2. 1.1 passing from potassium to scandium, and so increases by a small fraction. In 

.1..' bindinc cn. rgy of an dnetron in the nrrular 3, orb.t w.ll eventually 

lH com< greater than that of an electron in the highly elliptic 4. orbit. 

Frnni the foregoing, the number of electrons required to fill an ‘inner shell’ 
determines tl.e number of elements in the ‘sub-periods’. The positions at which the 
.Sul.-groups branch oil from the Main Groups also coincide with the stages at 
which the filling of'inner shells’ begins. However, the termination of the sub-periods 
of elements with Sub-group properties does not coincide with the stage at which 
the filling of the 'inner shells’ is complete. The ‘inner shells’ are already complete 
m copper, silver, and gold, as is shown by the spectra of these elements (cf. Chap. 
H). However, both these elements and those immediately following them {zinc, 
cadmium, and mercury) must unquestionably he assigned to the Sub-groups on 
the evidence of their chemical behavior. Thus the concepts orSub-group elements' 
and 'transition elements' are not identical. 

.Since the branching between Sub-groups and Main Groups begins with Group 
III, our discussion of the Sub-group elements will also start with Sub-group III. 
riie Sub-groups will then be dealt with in order, as far as Sub-group VIII. Further 
increase in atomic number leads to the elements of Sub-groups I and II, which 
lielong to the next series of the Periodic Table. The Sub-groups arc thereby com¬ 
pleted, and the next elements in the sequence belong to the Main Groups once 
more (Illrd Main Group). 


In ibis connection, it should be remembered that the expression ‘third Sub-group’, 
‘fourth Sub-group’, etc. is an abbreviation for ‘Sub-group of the Illrd (or IVth) family or 
group of the Periodic System’. .\i first sight it might appear more logical to give the name 
of 'first .Sub-group’ to the one in which elements with the Sub-group characteristics first 
appear in the Periodic Tabic—i.e.. the one known as Sub-group III. The latter is the ac¬ 
cepted and better terminology, however, since it brings out the fact that the elements in 
ihat Sub-group are part of the Illrd family in the Periodic System, and are in many respects 
very similar to the main group elements. 


The next elements to be discussed are the 14 lanthanum-like elements = 58 
to ^ = 71) which are interposed between lanthanum and hafnium in the sixth 
series of the Periodic Table—i.e.. immediately following the point at which the 
.Sub-group branches off in this series. This group of 14 elements displays a parti¬ 
cularly close relationship; their oxides all have the character of earths'. 

I'hcy cannot be assigned to the Sub-groups of the Periodic System, but form a 
horizontally related group on their own. This lanthanide series is discussed in Ghap. i o. 

Of the actinide series, only the transuranic elements will be dealt with in a special 
chapter. The first three members (thorium, protactinium and uranium) are dis¬ 
cussed within the framework of the IVth to Vlth Sub-groups, for the reasons al¬ 
ready given. 

As has already been stated, the elements in which ‘inner shells’ are being elab¬ 
orated (i.e., in which d and /levels are being filled up) are known collectively aj 
transition elements. This name is therefore to be applied to the elements from ,,Sc 
to 8*Ni, from ;,9\ to 4,Pd, from 67La to 78Pt, and to all the elements of atomic num- 
ber 89 and over that are at present known—including those formed artificially in 
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nuclear reactions: i.e., to g#Ac and the following actinides. There are 8 elements in 
each of the first two transition series (Sc—Ni and Y—Pd), and 22 elements in the 
third transition series which includes the 14 lanthanide elements also. The last 
transition series is incomplete, because of the increasing instability of the elements 
of very high atomic number. In each period, the transition elements begin with 
the element at which the branching of Sub-groups from Main Groups of the 
Periodic System commences*. Except for the last, incompletely known series, the 
transition series end with an element standing two places before the point where 
Sub-groups and Main Groups reunite again (at Zn, Cd, or Hg, respectively). 

In those Sub-groups of the Periodic System which are composed of transition 
elements, it is a general rule that the chemical resemblance between the second 
and third elements in each column is much closer than that between the first and 
second elements. Where (as in Sub-groups IV to VI) there are 4 elements in any 
Sub-group, the resemblance between second and third elements is closer than that 
between third and fourth. 


This is partly due to the so-called ‘lanthanide contraction’ (p. 482), as a result of which 

there is very little difference in atomic radius and ionic radius between the 2nd and 3rd 

element in each Sub-group. This can . _ 

® ^ ' I I I I-1-1-1- 1 - 1 
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be seen more clearly from Fig. i than 
from the usual plot of the periodicity of 
atomic radius (cf. Fig. 3, Vol. I). In 
Fig. 1, the atomic radii of Sub-group 
elements belonging to the same column 
of the Periodic Table are plotted one 
above another. To make the data still 
more closely comparable, the atomic 
radii of those elements which (unlike 
the majority) do not crystallize in struc¬ 
tures with coordination number 12 are 
corrected to coordination number 12 by 
means of the /cm factors given in Table 
42, p. 215, Vol. I. The numerical data of 
Tables 5, 8, 12 and so on show that the 
same relationship is to be found for ionic 
radii as for atomic radii. It may be seen 
from Fig. i that where there is an especial¬ 
ly far-reaching similarity in chemical be¬ 
havior and in the properties of the com- 
p>ound$ of a homologous pair of transi¬ 
tion elements, the pair have almost iden¬ 
tical atomic radii. The figure shows, how¬ 
ever, that very close chemical similarity 
must be conditioned by some other fac¬ 
tors besides the analogous configurations 
of the outer electron shells and the small 
difference in atomic or ionic radii. The 


39 40 4^ 4J 44 45 45 47 40 



Fig. I. Atomic radii of the elements of the Sub¬ 
groups in Angstrom units. (Radii for coordi¬ 
nation number 12.) 


highest degree of similarity in behavior and in 


the properties of compounds is presented by the pair zirconium-hafnium. The values of 
atomic and ionic radii (Tables 8 and 12) for this pair are not so close, however, as for 
the pair niobium-tantalum, although the latter pair undoubtedly displays less chemical 


• It is probable that in the metallic state valence electrons are first found in rf-leveb not 
in Group III, but already in certain elements of Main Group II (namely, Ca, Sr, Ba and 
Ra). These elements arc therefore often included among the transition elements when the 
formation and properties of intermetallic compounds are under consideration. 
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I . f r r, Rfl) In the elements which follow the transition element, these rclation- 
s.m.lar.iv (. 1 - p. . . Sub-Kroup Cu-Ag-Au, the similarity between the and 

he «u .trdWerenci in radiu. bc.wcen .he poinh. of .he eurv» .n F.g. . vep. >a.«- 
ac.oTv repre, n' .he rela.ionship. wi.hin .he individual columns of .he .rans|..on elemenU. 
h. Lrder m mlve .he discrepancies presen.ed by die Sub-groups wh.ch follow .he .r^.- 
tion dements it would be necessary to shift the dotted curve by a much larger amount. It 
is very questionable whether differences in polarizing properties would justify such a large 

displacement. 


All the elements of the Sub-groups are purely metallic m character. Since an 
understanding of many of their properties has come only frorn some knowledge of 
the nature of the metallic state, a discussion of the individual Sub-groups will be 
preceded by a survey of the general properties of metab. 



CHAPTER 1 


METALS AND INTERMETALLIC PHASES 


I. General 


Metals [/] differ from non-metals chiefly in respect of the following character¬ 
istic properties. The metals display a peculiar luster (‘metallic luster’) which is the 
consequence of their high reflectivity for visible light. Their optical transparency is 
very low, so that they are opaque even in thin layers. They are mostly ductile, 
and can therefore be worked by rolling, pressing, hammering, etc. Above all, the 
metals are distinguised by their high thermal conductivity and good electrical 
conductivity. The latter increases with falling temperature. 

These differences between the metals and non-metals apply to the solid and liquid states. 
In the gaseous state they vanish. Thus mercury vapor is colorless, transparent, and a non¬ 
conductor. The fact that most metals arc monatomic in the gaseous state cannot be taken as 
a characteristic property. For example, the inert gases—typical non-metals—are monatomic, 

whereas diatomic molecules occur to a considerable extent in the vapors of the alkali 
metals. 

It is not possible to draw a sharp distinction between metals and non-metals. 
Elements which obviously are intermediate in properties between metals and 
non-metals are called semi-metals. The typical semi-metals are distinguished from 
the metals, among other properties, in that their electrical conductivity increases 
in going from the solid to the liquid state, whereas that of metals decreases on 
melting. Semi-metals also differ from typical metals in that they lack ductility. 
Elements which are typically metallic in all respects except for their brittleness 
are called brittle metals. 

The occurrence of non-metallic properties among the elements is clearly de¬ 
pendent on their place in the Periodic System. Non-metals (including hydrogen) 
occur only in the Main Groups of the Periodic Table, and the region occupied by- 
non-metals is separated from that of the metals by the diagonal belt running 
through boron, silicon, arsenic, tellurium, and astatine, in the form of Periodic 
System as set out in Table II, Vol. I, Appendix. Of the elements on this diagonal, 
boron and silicon are non-metals, arsenic, tellurium (and possibly astatine) are 
semi-metals. All the Main Group elements to the right of this diagonal are non- 
metals, all the elements to the left are Among these, the ones adjacent to the 

lower part of the diagonal (germanium, antimony, bismuth, and probably polo¬ 
nium) have the character of brittle metals. All the elements of the Sub-groups, as 
well as all the lanthanide and transuranic elements, are metals. Thus the majority 
(about four fifths) of the elements are metallic in character. 
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METALS AND I NTER M ET ALLl C PHASES 


f ■hrini( i\ rl.-mrnts with m<-tallic thararter arc termed pure metals, as distinct from alloys^ 
\llovs (cf \ ol I Chap. 13) can contain minor amounts of non-metals as constituents, as 
w ir iVm -t ds and semi-medals. Certain chemical compounds, composed of metals and non- 
\ ds . a display a typical metallic luster and high electrical conductivity, while being 
i' ,1 1^, ' -o.R., many ca.bid«, ni.rid.s and boride. These are not co^.dered <0 

V s or Itrit.le n-etals. but will be referred to subsequently as ,unr..™/<t//|r compoumk. 

M , elements ran exist in both a metallie and a non-metaihe mod.fieat.on. Thus a 
,n.Vd i? forn, of phosphorus (l.lark phosphorus) is known, as well as the non-metaU.c 
a otr , es I he ctibie modifieation of tin (grey tin) has the prop-des of a non-metal, m 

to the ordinary tetragonal tin. It has. mdecd, long been a hab.t m chem- 

rv to use the ter,ns 'tnetal' and 'non-metaP ,0 designate two r/arr« of matter. Strietly 
speaking, however, these names characterize a state, not a class of matter. 

(a) Preparation of Metals 

The following arc the principal processes used for the isolation of metals from 

their compounds [/-jl 

(i) Reduitwn h Chemicnl Means. Hvdrogen is generally used as reducing agent in 
the lalxiratorv. whereas carbon (usually in the form of coke) is employed on the 
technical scale. I hc usual starting materials arc the oxides of the metals. Sulfides 
may be convened into oxides by heating them in a stream of air (‘roasting’). The 
lower the heats of formation of oxides, the more readily are they reduced. 

.\ rough indi.nlion of the rcducibility of any element is afforded by its position in the 
«leciroc hemical series. Oxides of metals which arc more weakly electropositive than zinc 
can b.- rcdiK < fl either hy hydrogen or by carbon, but hydrogen has no practical importance 
IS a reducing agent for the more strongly electropositive metals. .Some of them can, indeed, 
iie liherati tl from their oxides by hydrogen, but only at very high temperatures. Zinc oxide 
can easily be ndueed by carbon: indeed, even the alkali metals can be obtained from their 
oxides bv reduction with carbon. Most of the other strongly electropositive metals react 
with carbon, to form carbides; the reduction of the oxides is thereby vitiated. It is often 
possible to facilitate reduf tion by carbon, and restrict the formation of carbides, if alloys art- 
formed instead of the pure metals. Use is made of this, for example, in the production of 
iron-rnanganese alloys (ferromanganese, p. 2i i). 


In cases where reduction by carbon is unsuccessful because of carbide formation, 
aluminum is often used as a reducing agent for the production of technically pure 
metals (aluminothermic reduction). Magnesium and calcium are also employed, 
but less frequently. 


Calcium, magnesium, and sodium arc mostly used for the reduction of metallic halides. 
The halides of the heavy metals can usually be readily reduced in a current of hydrogen. 

When metals are prepared in the laboratory by chemical reduction processes, it is usual 
to obtain them first in powder form, or in a spongy state, and it is often a matter of difficulty 
to melt them down to a compact mass. Melting is facilitated by the addition of fusible sub¬ 
stances (e.g.. borax or alkali chlorides) which dissolve away the impurities that hinder agglo¬ 
meration. Since they protect the heated metal from access of air, they also hinder the fresh 
formation of oxide or nitride on the surface of the metallic grains. Very pure metal powders 
can readily be transformed into the compact state by heating them. It is not necessary that 
they should be heated to the melting point, since the metallic grains sinter together as they 
rccrystallizc, often far below their melting point. This is the basis of the powder nutallwrgieal 
process for the production of moulded articles from metal powders (also known as ‘metal 
ceramics’[/5-2o]). 

* The term ‘metal’ is often used in the same sense as ‘pure metal’—e.g., in the expression 
‘metals and their alloys’. 



I 


GENERAL 


3 


(ii) Electrolysis of Solutions or Melts. The electrolytic deposition of metals from 
aqueous solution [14-16] is used industrially largely for tlic preparation of pure 
metals. 


There is usually no diflirulty involved in the electro-deposition from aqueous solutions of 
those metals which do not decompose water. With metals that cannot be deposited from 
acid solutions, it is usually possible to prevent the formation of oxide on the cathode (which 
interferes with the deposition) by adding substances that form complex compounds (e.g.. 
oxalates or cyanides). .Such additions are also frequently used in the clectrodeposiiion of t lie 
more noble metals, since they favor the deposition of the rnetal in a compact form. 

Electrodeposition of metals Irom solution is very widely used for the protective coatings 
on objects made of readily corroded metals (‘galvanostegy’—e.g., nicki'l and cliromium 
plating on steel). Electrodeposition is also used to form surfaces of closely defined relief as 
determined by the profile of the object (‘matrix’) on w'hich electrodeposition is effected 
(‘galvanoplastics’). 

When electrodeposition from aqueous solution is not possible, because of the strongly 
electropositive character of the metal, and when it is difficult to achieve reduction by chemi¬ 
cal means, recourse is often had in the laboratory to electrolysis of non-aqueous solutions — 
e.g., of solutions in pyridine. 


The principal method employed for the industrial preparation of the strongly 
electropositive metals, consists of electrolytic deposition from melts [17]. Aluminum, 
magnesium, sodium, and calcium, in particular, arc prepared on a large scale by 
this means. 


The melts used for this purpose contain the oxides or halides of the metals to be isolated; 
these arc mixed with other compounds which lower the melting point and enhance the 
conductivity without themselves being decomposed electrolytically under the given con¬ 
ditions. 

The potentials needed for electrodeposition from melts bear no simple relation to the 
deposition potentials which arc valid in aqueous solutions (Vol. I, p. 156 ff.), since the 
hydration energies of the ions enter into the latter. Just as both hydration energies and 
ionization energies arc involved in deposition from aqueous solution, so the forces between 
the ion to be discharged and the other components of the melt are important, as well as ih<* 
ionization energy, in electrodeposition from melts. The decomposition voltage of a com¬ 
pound in a melt may therefore be substantially modified by the addition of other com¬ 
pounds. The variation of decomposition potential with temperature, which is often widely 
different for different ions, must also be borne in mind when considering the processes 
governing the electrolysis of molten salts. For example, below 600° the decomposition 
potential of NaCl is greater than that of CaClj, but above 600° it is smaller. This makes it 
possible to prepare metallic sodium by the electrolysis of a fused mixture of sodium chloride 
and calcium chloride (Vol. I, p. 165). 

{Hi) Thermal Decomposition of Compounds. It is possible to prepare many metals 
in a particularly pure state by the thermal decomposition of suitable compounds. 

The oldest large scale industrial process using thermal decomposition for the preparation 
of a metal is the production of nickel by decomposition of nickel carbonyl (p. 308). Iron 
carbonyl is used similarly for the preparation of especially pure iron (‘carbonyl iron’, p, 253). 
In both cases, the advantage offered by the method lies in the great volatility of the car¬ 
bonyls, which makes it possible to effect a particularly complete separation from all 
impurities. 

Thermal decomposition is used in other cases when unusually great difficulty is involved 
in preparing the pure metal by chemical reduction. Thus titanium and zirconium are 
obtained in a state of poor ductility by reduction of their chlorides (Kroll process), or as 
powders by reduction of their oxides. It is difficult to melt the powders into a compact 
form, owing to the impurities present, and if this is effected the metal is still not completely 
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pure These metals can. however, be obtained dirccUy in 

pure by the thermal decomposition of their halides (preferably the iodides), in the filament 

Growth nrocess of Van Arkcl and De Boer (p. 65). 

Von Lilton s method for the preparation of such metals as vanadium ^ 

tantalum in a pure slate is also based on thermal decomposition. This involves heating the 
oxide or meta^ containing the oxide as impurity, by means of a strong electric current 
r DP to5 Ml). This method can be used if the oxides of the metals arc electrical con- 
ductors at high temperatures, provided that the metals do not vaporize too rapidly at the 
dissociation temperature of their oxides. 


I'he study of the industrial preparation of the metals from their ores is known as 
rx/Mc/;o«ti,c/<i//i.r^[^-/7] ThisdeaU not only with the methods involved m the 
actual preparation, but also with the processes of concentrating the metalliferous 
ores in the crude ores (‘beneficiation’), and with the processes of purification 
(■refining’) to which the crude metals must be submitted, since they are generally 
first obtained in an impure state, and with the determination of their purity 

(‘assaying’). 


By far the most important impurity in metals is oxygen, since a small oxide content can 
drastically alter the physical properties of a metal (e.g.. the electrical conductivity and the 
ductility), if the oxide is present in the metal in solid solution. The same is often true of 
nitrogen. It is frequently possible to determine the oxide and nitride content by volatilizing 
the metal as chloride, by heating it in a stream of chlorine, or by dissolving the metal in an 
acid which docs not attack the oxide or nitride. Other impurities, and especially other 
metals, arc often detected and determined spectroscopically, as well as by chemical 

methods. 

I he testing of metals for their mechanical and technical properties is a matter of great 
practical importance [21-25], From the results obtained, it is often possible to infer the 
impurities that are present, since these may influence the mechanical properties in a high 
degree (?}. 


(b) Theory of the Metallic State [s6-jo] 

To explain the high electrical conductivity of metals, it has long been assumed 
that, within a metal, there are almost freely mobile electrons, which transport the 
current. This assumption is supported by a great number of experimental obser¬ 
vations—e.g., the observation that no material transport is associated with the 
conduction of electricity in metals, as is the case with electrolytic conduction*, 
and also that electrons may be emitted from metals under the influence of ultra¬ 
violet light (photoelectric effect) or by heating to high temperatures (Richardson 
or thermionic effect). 

If there are freely mobile electrons present in a metal, they ought to behave like 
the molecules of a gas within an enclosing vessel. On the basis of this ‘electron gas* 
concept (Riecke, 1898), Drude (1902) succeeded in deriving the Wiedemann- 
Franz law theoretically, and in explaining qualitatively the thermoelectric effect. 

The Wiedemann-Franz law (1883) is of fundamental importance in the theory of the 
metallic state, since it demonstrates a connection between two of the most characteristic 
properties of metals—their high electrical conductivity and good thermal conductivity. 
It states that the electrical and thermal conductivities are proportional to one another: 

more precisely, the ratio -— is the same for all metals (where X is the thermal con- 

X • y 

* It is possible in certain cases for some electrolytic conductivity to be superimposed on 
the electronic conductivity. 
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ductivity, and x ihc electrical conductivity). The numerical value of this quotient obtained 
from the Drude theory is about 30% small, as was shown b>' Lorentz (1905). It is only 
on the basis of the quantum mechanical theory that it has been possible to obtain the 
numerically correct Wiedemann-Franz ratio from the theory of metals. 

The ‘electron gas’ theory of metals led to another conclusion that was in clear 
contradiction with the facts. The heat content of a monatomic gas {and therefore 
of an electron gas within a metal) should be -^RT according to classical theory. Us 
atomic heat or molecular heal at constant volume is thus — 2.98 cal. For 
metals, the atomic heat at constant volume is given by the theory of heat as 
= 5 - 9 ^ without making any allowance for the heat content of the electron 
gas, since each metallic atom must be assigned 6 degrees of freedom (3 for the 
kinetic and 3 for the potential energy of atomic vibration). As experience shows 
(Dulong and Petit rule), the atomic heats of the metallic elements are close to 6 
cal.*, whereas they ought to be about 9 cal. if the quantity of heat required accor¬ 
ding to classical theory is assigned to the electron gas. This discrepancy was remov¬ 
ed when the heat content of the electron gas was calculated according to quantum 
theory, in conjunction with an extension of the Pauli principle. 

Fermi (1926) made the assumption that the Pauli principle held good not only for the 

electrons in an atom or molecule, but quite generally for any closed system of electrons_ 

hence for the electrons in a metal.** It follows from this that such a gas is‘degenerate’at 
sufficiently low temperatures; it has a different—and indeed higher—energy content than 
it would have according to classical theory. Whereas, on the basis of latter, a gas would have 
zero energy at absolute zero, only om particle can have zero energy, even at absolute zero, 
if the Pauli principle is extended to gases. All other particles must have higher energies! 
different from one another. As a result of this, within the range of degeneracy, the increment 
of ener^ necessary to raise the temperature by some definite amount is less than in the 
‘normal’ range. The greater the number of particles per unit volume, and the smaller the 
mass of the individual particles, the wider is the range of temperature over which a ‘Fermi 
gas’ is in the degenerate state. On account of the extraordinarily minute mass of its par¬ 
ticles, an electron gas is still degenerate even at the highest attainable temperatures. Its 
specific heat is, consequently, practically zero (more precisely, , ‘ j Rper g atom of metal at 
ordinary temperature). The fact that the atomic heats of the metals are practically no 
greater than may be calculated from the thermal vibrations of their atoms is thus accounted 
for. 

Sommerfeld (1927) showed that Fermi’s theory of the distribution of energy 
among the individual massive particles (‘Fermi statistics’) eliminated the discrep¬ 
ancies arising from the electron theory of metals in its original form. The new 
theory of the metallic state was elaborated and extended by the theoretical work 
of others (Nordheim, Bloch, Peierls, Borelius, Wilson, Brillouin), and it is now 
possible to deduce from the theory many of the properties of metab and the pheno¬ 
mena associated with them—e.g., the thermoelectric, Volta (contact potential) 
and thermionic effects, and the thermal and electrical conductivities, on a quanti¬ 
tative basis. The theory has also interpreted the magnetic properties of the metab 

* That the atomic heats are rather greater than 6 cal., according to the Dulong-Petit 
rule, is due to the fact that the rule relates to the atomic heats measured at constant pressure. 
On account of the work expended in expansion, these are distinctly greater than the atomic 
heats at coolant volume —about 3-iO®'o at ordinary temperature, depending on the coefficient 
of expansion and the compressibility of the metals. 

** It was later shown by Dirac that Fermi’s generalization could be directly deduced 
from wave mechanics. 
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(cT. \’oI. I p. 306), and is important for an understanding of some of the special 
features of the chemical behavior of metallic substances, since it makes it clear 

that the binding of valence electrons in a compact 
metal is quite different from that in an isolated atom. 

Whereas the electrons in a free atom are distributed 
over a few, discrete energy levels, in a compact metal 
such a statement is true only of those electrons which 
are so deeply screened within the interior of atoms 
that they arc not influenced by neighboring atoms. 
By contrast, every one of the uppermost energy levels 
occupied by electrons in the normal state of the free 
atom is broadened into an energy band, which is com¬ 
posed of a multiplicity of closely spaced levels. 

This is conditioned by the fact that, in a metal, the outer 
electrons belong jointly, in a sense, to all the atoms. Accor¬ 
ding to the Pauli principle, no two of these electrons can be 
assigned to identically the same energy level. Fig. 2 illus¬ 
trates the situation for the case of copper. At the left are set 
out the discrete levels of a free copper atom, taking the 
energy of the singly ionized atom as zero. The level indicated 
as ^ Is the uppermost occupied level in the ground state of 
the copper atom, and is tenanted by only one electron in 
the case of copper (cf. p. 361). The levels lying above this 
represent energy states of excited atoms—i.c., energy states 
to which electrons may be raised by the absorption of energy. 
The distance from the level to the uppermost of these 
measures the ionization energy of the atom (cf. Vol. I 
p. III). .Adjacent to this uppermost level is a continuous band of energies, as follows 
from the fact that an electron that is ionized off may bear with it any amount of un¬ 
quantized translational energy, in addition to the energy of ionization. As may be seen 
Irorn the right hand side of Fig. 2, the effect of bringing the copper atoms together into a 
regular lattice structure is that the 4J level is extended into an energy band made up from a 
multiplicity of energy states lying very close together. The same is true of the 31/ levels, 
whereas the deeper-lying levels arc essentially unaffected. The levels lying above the 4J state’ 
which are unoccupied in the ground state of the free atom, are likewise broadened into 
bands. Indeed, in the case of copper these overlap one another in such a way that a prac¬ 
tically unrestricted range of energy values is accessible to the electrons, immediately above 
the band of 4J electrons. 

-Among other consequences of the broadening of the energy levels containing the valence 

electrons into an energy band, is that the minimum work which must be expended to 

remove an electron from the solid metal is substantially less than the ionization energy of 

the free atom. This so-called work-function can be determined from photoelectric or ther- 

rnionic measurements. For copper, it amounts to 4.3 c.v., whereas the ionization energy of 

the copper atom IS 7 7 c.v. The upper boundary of the energy bands containing the as 

electrons in metallic copper thus lies about 3.4 e.v. higher than the corresponding level in 
the copper atom, r © 


-10000 



Fig. 2. Energy levels of 
copper. 


In the normal state, at o® K, the electrons occupy only those energy bands that 
correspond with the energy levels occupied by electrons in the ground state of the 
free atom. If all the levels in such an energy band arc occupied by electrons, these 
electrons can transport neither electricity nor heat as long as they remain in that 
band. Even though they may be freely mobile (in the sense of a corpuscular theory) 
they can, nevertheless, not be accelerated by an electric field, for this would imply 
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augmenting their energy. Unless the increment of energy were large enough to 
raise the electrons into another band, any such increase of energy would raise an 
electron to an energy level already occupied by another electron; this, according 
to the Pauli principle, is impossible. 

If only half of the energy' levels of a band are occupied by electrons, the empty 
levels are available to receive electrons with enhanced energy. Practically all the 
electrons belonging to a band can then be accelerated by an applied electric field, 
and thereby contribute to the conduction of current. If more than half the energy 
levels are occupied, the number of electrons which contribute to the transport of 
current is less than when the band is just half full. If less than half the levels are 
occupied, it is also similarly less. The electrical conductivity of a metal is thus not 
dependent on the total number of mobile electrons present in unit volume, but 
upon that number for which unoccupied energy levels are still available. This is 
known as the effective electron number of the metal. 


The theory represents the relation between the specific electrical conductivity x and the 
effective electron number per cm^ of the metal, tietf. by the following formula: 


k 


2mv 




I 



Here, r, m, v and / denote the charge, mass, velocity and mean free path of the electrons. 
In wave mechanics the mean free path of the corpuscular theory has the meaningof a quanti¬ 
ty which measures the ability of the metal to set up stationary electric waves in the free 
space between the atoms. This ability is adversely affected by randomly distributed foreign 
atoms built into the metal (cf. p. tie/ seq.) and by lattice imperfections (cf. p. i8), as well 
as by the vibration of the atoms about their mean positions in the crystal lattice. Since these 
vibrations increase with rise of temperature, the metallic conductivity diminishes with rise 
of temperature. The diminution of conductivity brought about by foreign atoms and other 
lattice imperfections is, on the other hand, independent of the temperature. The more 
strongly the lattice of the metal is distorted, the more is its normal temperature-depen- 
dent resistivity overlaid by an additional resistivity which is independent of temperature. 

It was established as long ago as 1864, by Matthiessen, that impurities raise the specific 
resistance of a metal by an amount which is independent of temperature {even when the 
impurities are minor amounts of metals with conductivities greater than that of the host 
metal). As has since been shown, Matthiessen’s rule is true only for those impurities which 
are incorporated through the formation of mixed crystals; that is, that are built into the 
crystal lattice of the metal, usually in random distribution (cf. p. ii et seg.). By contrast, the 
specific conductivity of an inhomogeneous alloy—that is a mere mixture of different crystal¬ 
lites—is derived additively from the specific conductivity of its components. 

The specific thermal conductivity A of a metal, on the same theory, is given by 


A 



k^T 

mv 


^€fr ' I 



Here T denotes the absolute temperature and k the so-called Boltzmann constant—i.e., the 
quotient of the gas constant R and Avogadro’s number Na- Dividing eqn. (2) by eqn. (i), 
one obtains: 



(3) 
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substituted, the ® ^,s°) it follows that A/x = 2-4443 ' 'O - 

ordinao temperature (T- 273-'5 + » J ^ considerable number of high conductivity 

i '“"idll/x“o'« Equation (3) thus aUo yield, .he numerically correct value 

faclo^r of tie Wiedemann-Franz law. 

.Mi.. 

their atomic volumes, p obtained resembline the atomic volume 

....u:,. Vu li. p« p~—- 

r.X '■ '• P“ai.»..pUi. .1. 

TuedCitv O .he metab of both Main Group I and Sub-group I of .he Per.od.c 
sX revealed in .his way according .0 .he eleCron .heo.7 of me.ak, as follows, 
As ree a oms, .he me.als of Main Group I and Sub-group I eon.a.n one elec.ron 
h. .tir ou.e;mos. shell, and in each ease .his is an s-elec.ron (w..h substd.a^ 
quantum number 1 = o). According .0 .he Pauli pr.ne.ple, however, a shell with 
?he wave mechanical subsidiary quantum number I = o can contain two electrons 
(cf Vol. 1 . P. ..o). In the atoms of the elements considered, .1 is therefore only 
haif filled in the atomic slate, while all the shelU lying below .1 are fully occupied. 
Wave mechanical calculation of the potential distribution in the lattices of these 
.netals indicates that the energy band in the solid metal, corresponding .0 this^shell, 
is also only about half filled. For these metals, the number of electrons per cm 
available for conduction of the current is, therefore, practically equal .0 the num¬ 
ber of valence electrons n, whereas with other metals ts mvanably smaller 

than n. 


(c) Semi-Conductors and Non-Conductors 

As has already been explained, those substances in which all the energy banjs of the 
solid state arc fully occupied, arc quite unable to conduct the electric current. If however 
a little above the uppermost energy band occupied by the valence electrons in the normal 
state there is another energy band, which is empty m the normal state, it « P^»ble for 
electrons to be raised to the empty band by accession of thermal energy. Although the 
electron gas is degenerate, its heat capacity is not actually zero, but is only very small in 
comparison with the heat capacity of a normal gas. As soon as electrons have been trans¬ 
ferred to the higher-lying energy band, both these and also the electrons of the band which 
they have left (which is now no longer fully occupied) can take over the transport of current. 
The higher the temperature to which such a substance is raised, the more electrons enter 
the upper energy band, and the greater accordingly, is its conductivity. A substance of this 
sort is called a semi-conductor or, if an clement is concerned, a semi-metal. The charactensUc of 
such a substance is that its conductivity increases with rising temperature, instead of falling, 
as for the true metals. 

As the gap between the lowest unoccupied and the highest occupied energy level widens, 

, R 1.986 • 4.186 • 10’ o ,, 
k = _= — -2-= 1.380 • lo-**: 

6.025 ’ ‘o** 


4.800 • i o~*° 
2.99776 • 10*® 


1.601 • lO"*®; 


7x* /ky __ 9.8696 /1.380 
3 W/ 3 \ 1.601 



^ 2.4443 • *0*. 
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the number of electrons which are elevated to the former by any given increase in temper¬ 
ature diminishes greatly. With a large spacing of the energy bands, no significant conduc¬ 
tivity is observed at ordinary or at moderately elevated temperatures. The substance is 
then described as a nott'CcnducloT (or insulator) or, referring to an elementary substance, a 
non-metal. A non-conductor is thereby distinguished from a semi-conductor only in quantita¬ 
tive respecu; no sharp distinction is to be drawn between them (Wilson [27]). It follows, 
further, that it is possible for as many freely mobile electrons to be present in a solid non¬ 
conductor as in a well-conducting metal. This docs not exclude the possibility that there 
are also solid non-conductors or non-metals of which the lack of conductivity is conditioned 
by the absence of mobile electrons from the crystal lattice, or by their vanishingly small 
number. 

The greater is the distance between the uppermost occupied and the lowest unoccupied 
energy- level in the free atom, so much the wider, in general, will the interval be between the 
corresponding energy bands. I he former, as is known, is measured by the smallest excitation 
potential of the atom (cf. \'oI. I, p. 113 et seq.). Borelius (1939) has pointed out that ail 
elements with minimum excitation potentials appreciably over 6 e.v. are non-conductors. 
Those with minimum excitation potentials in the neighborhood of 6 e.v. are semi-conduc¬ 
tors, and those w-ith excitation potentials significantly less are metals. 

In addition to the increase of conductivity with temperature, it is characteristic of semi¬ 
conductors that the conductivity is very markedly increased by the presence of traces of 
impurity. In this respect also semi-conductors display the reverse effect to that of true 
metals. This is explained on the assumption that the foreign atoms constitute additional, 
discrete energy levels, which lie between the energy bands. This makes it easier for electrons 
to undergo transitions into a higher band. 

(d) Superconductivity [3/] 

The electrical conductivity of many metals increases suddenly to an enormous degree 
when they are cooled to very low temperatures: these metals then oppose no further measur¬ 
able resistance whatever to the flow of the current. This phenomenon is known as sitper- 
conduetivity. An electric current, once induced, continues to flow in a closed circuit formed 
by a superconducting metal, since no electromotive force is necessary to maintain it. 
Superconductivity was discovered in 1911 by Kamerlingh Onnes, with mercury, forwhich 
the specific resistance fell sharply at 4.2'K to an immeasurably small value. Later the 
phenomenon was observed for Ga.In. Tl. Sn, Pb. Ti, Th, Nb. Ta. and Mo. .Alloys of these 
metals with others which are not themselves superconductors may likewise be capable of 
superconductivity. Compounds having metallic conductivity (nitrides, carbides, silicides 
and borides of many transition elements) may also become superconducting at low tem¬ 
peratures. 

The origin of superconductivity has not yet been explained. There is much evidence that 
in the superconducting state the transport of current is not brought about by those electrons 
which are normally freely mobile in the metal, but that other electrons, w’hich do not usually 
participate in conduction, also play a part. 

The further study of superconductivity seems likely to contribute to a deeper insight into 
the nature of the metallic state. In particular the explanation of superconductivity is of 
considerable significance for a full understanding of the magnetic properties of the metals, 
since it has been shown that there is a close relationship between the latter and the pheno¬ 
menon of superconductivity. The thermal conductivity is uninfluenced by the onset of 
electrical superconductivity. 

The electrical conductivity of an ideal metallic single crystal should, theoretically, be¬ 
come infinite at o^^K, i.e., the specific resistance should become zero. However, superimpos¬ 
ed on the temperature-dependent resistance of real metals there is usually an additional 
resistance due to the lattice imperfections usually present, and this (in accordance with 
Matthiessen’s rule) does not disappear at absolute zero (residual resistance). In the super¬ 
conducting state not only the temperature-dependent resistance, but also the residual 
resistance has disappeared. A fundamental distinction also exists between superconductivity 
and the ordinary conductivity of the ideal single crystal, in that the latter approaches 
continuously and asymptotically to infinity, as a limiting value; this is a consequence of the 
theory, and is confirmed by experiment when the residual resistance is deducted from the 
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nua^irablc to an immeasurably small value. 

(c) Electrolytic Conduction of Current in Metals [38, 39] 

Since the valence electrons X^'urnot TrLTptfot 
lattice, they are ^^"^_^,,hough it is extraord 

current. A certain fraction o -ii^vti accordinelv at very high current densities, 

,0 the motion of the metallic aT^oy components-i.e., a 

it is often possible to observe a fpassage of the current. The 

process J'he direction oHhe positive current (i.e., enriched at the 

amount of metal tramp j termed the transport number of the corresponding 

l^n::ir,^Ldm. m me™e^ 

^.^rrudVo^Au i 7 a PkL ali;*y of low gold content ..3 ■ .0-- (at .8o») Considerably 
larger efe rhave been observed with liquid alloys (Kremann, ,9^3 and later Schwa.^, 
nirand later). This is because the mobility of the ions in hqujds or m molten metals .s sub- 
tan ially greater than in solid metals (as can be directly shown front measurements of 
7 indsion rates), whereas the mobility of the electrons d.mimshes with decreasmg order of 
atomic arrangement, and especially on the transition from the solid to the liquid state. 

iTwas formerly widely assumed that the relative electro-pos.tjvit.es dete™incd which 
component of an alloy would be enriched at the cathode and which at the ajiodc^owcvcr, 
many experimental results are difficult to reconcile with this gumption; thus sodium and 
potaLium, in the electrolysis of dilute amalgams are enriched at the an^e, they 

arc much more electropositive than mercury. Wagner (1932-33) considers that the rfairgr 
of the alloy components (electrochemical valence) appears to be the decuive fa«or for 
migration in solid metals. Schwarz has advanced the theory that in liquid alloys the metal 
ion with the greatest charge density (ratio of charge to volume) should invariably migrate 
to the cathode; this appears to be in harmony with facts. 


2. Mixed Crystals and Intermetallic Phases 

It is a consequence of the particular nature of the metallic state that the regu¬ 
larities governing the formation of compounds by metals with each other should 
differ from those involved in the formation of compounds between non-metals, or 
between non-metals and metals [32-37]. As has already been stated (see Vol. I, 
Chap. 13), the compositions of intermetallic compounds frequently do not con¬ 
form to simple stoichiometric proportions. They may contravene the law of 
Constant Proportions, their composition often being variable within rather wide 
limits (‘non-Daltonide compounds’). There is, however, no sharp demarcation 
between the intermetallic compounds and other types of compounds. Examples of 
variability in composition are also known among the compounds of metals with 
non-metals. Many compounds of metak with non-metals, or even of non-metals 
with each other, arc closely related in composition, structure, and to some extent 
in properties, with the typical intermetallic compounds. On the other hand, there 
are intermetallic compounds that correspond entirely in their composition to salts 
and salt-like compounds—i.e., to normal valence compounds—and represent a 
transition to this type. In general, however, this is not true of the compounds of 
the metals among themselves. Among alloys involving the metals of the Sub- 
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groups, in particular, types of substances are frequently found which are so differ¬ 
ent from the typical chemical compounds that it is necessary' to giv'e particular 
consideration to the problem whether it is desirable or correct to regard them as 
chemical compounds at all {see p. 19 et seq.). The name 'internietallic phases' has 
come into use as a more general designation for those substances appearing iit 
mtermetallic systems, which differ structurally from the components out of which 
they are formed (and incidentally from mixed crystals of these components). 
Many of these intermetallic phases are closely related to mixed crystals, and were 
formerly regarded as such. Before characterizing the intermetallic phases more 

closely, it is therefore necessary to consider the most important properties of me¬ 
tallic mixed crystals. 


3. Mixed Crystals 

(a) General Aspects 

Mixed crystals are distinguished by the fact that the atoms or ions of some 
element are incorporated into the lattice of another substance, without any change 

of structure, this may occur in any proportion within the limits within which 
mixed crystal formation takes place. 

For example, all the silver atoms in a silver crystal could be successively replaced by gold 
atoms, without alteration of the crystal structure, until eventually, by exchanging the last 
silver for a gold atom, one obtained pure gold, which has the same crystal structure as 
silver. This is an example of unrestricted miscibility. Only a proportion of the silver atoms in the 
costal lattice of silver may be replaced by copper atoms (up to about 0.2 atom per cent at 
the ordinary temperature); conversely, in the crystal lattice of copper, only a limited pro¬ 
portion of copper atorns arc replaceable by silver (up to 0.03 atom per cent). In this case 
there is restricted miscibility, at room temperature there exists a miscibility gap stretching 

from 0.2 to 99.97 atoms per cent Cu*. 

Incorporation of the foreign atoms in the crystal lattice can occur either in such 
a way that these replace individual atoms of the basic lattice, or that the foreign 
atoms are embedded in ‘holes’ in the basic lattice; the resulting structures are 
knov/ms substitutional or interstitial mixed crystals, respectively (Fig. 3). Inter¬ 
stitial mixed crystals are also referred to as solid solutions**. 

Substitutional mixed crystals are by far the most common. The formation of inUrstitial mixed 
crystals has been chiefly observed in the incorporation of non-metal atoms of small radius, 
such as C, N, H, in the metallic lattice. In both types the lattice constant is changed by the 

* The figures given refer to the equilibrium state. With increase of temperature, the 
mutual miscibility of Ag and Cu increases considerably (Fig. 5, p. 16). On rapid cooling, 
unmixing may not occur, or may take place incompletely. One then obtains supersaturated 
mbced crystals, which contain appreciably more foreign atoms incorporated in their basic 
lattice than would be present in the equilibrium state. Such metastable supersaturated 
mixed crystals very frequently occur in alloys (cf. here p. 27). Because diffusion rates are 
very small, it is often quite impossible to remove the supersaturation at ordinary or at 
slightly elevated temperatures. 

** As long as the structural difference between substitutional and interstitial mixed 
CTystals remained unknown, the term ‘solid solution’ was employed in the same sense as 
‘mixed crystal’. Today it is customary to distinguish solid solutions (interstitial mixed crys¬ 
tals) from mixed crystals in the narrower sense (substitutional mixed crystals). 
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incorpora.,on of .he foreign a.o™. 

Foreign atoms arc ordinarily incorporated in the basic lattice i" -■npktely 
random distribution (cf. Fig, 3b and c). In such cases, ‘he spec.fic electrical 
conductivity diminishes with increasing content of foreign atoms. 


= /ltofT>s 0/ host lattice 


©O of different species 



Fig- 3- 


a Basic b. Interstitial c. Substitutional d. Superstructure 

latice mixed crystal mixed crystal phase 

Formation of mixed crystals by building atoms of a different species into a crystal 

lattice (schematic). 


MUcibilH' 


metallic lattice; i.c., the quantity I in eq. (i) p. 7. decreed (Nordhcim 1928). The 
ductility is changed in a similar way to the electrical conducUvity by incorporation of 
forcien atoms. Alloys of two metals which arc unrestrictedly miscible m the solid state 
therefore display a minimum both of conductivity and of ductility at a composition of 50 

Mbied crystals differ characteristically from inhomogeneous mixtures by their greatly 
diminished electrical conductivity. This may be seen from the example of the Cu-Ag alloys, 
given in Fig. 4. Within the mixed crystal range* an addition of copper to silver, or an 

addition of silver to copper brings about a strong lower- 
HxKtH I ing of specific conductivity. In the region ofthemisci- 

6.5 bilily gap, however, the conductivity increases smoothly 

1 j from that of the silver mixed ci^tals saturated with 

I j / copper* • to that of the copper mixed crystals saturated 

^ 1 Miscibiiiiv aaa I silver, according to the law that the specific con- 

r*- '} / ductivity of an inhomogeneous crystal aggregate is 

^ I }/ made up additively from the conductivities of the com- 

«S -45 -^ —_ V ponents (in the case considered, Cu-Ag mixed crystals 

, , , , •"* and Ag-Cu mixed crystals; cf. p. 7). Conductivity 

0 20 40 60 60 10c measurements can offen be used to determine the range 

—•v'o^ume-pw centAg Ag of alloy components simply and accurately. 

Fig. 4. Electrical conductivity 

of Cu-Ag alloys. The ability to form mixed crystals is character¬ 

istic of the metals. Unrestricted or very extensive 
miscibility in the solid state is particularly common among metals of the Sub¬ 
groups of the Periodic System. Unbroken mixed crystal series are only occasionally 
met with among binary alloys of which both components belong to the Main 
Groups of the Periodic System (cf. the tables on pp. 574, 575 and 576 of Vol. I). 

Grimm’s rule, which is valid for mixed crystab of salt-like compounds, states that chemi- 

• The miscibility ranges of Fig. 4 arc those for 700®, since the conductivities plotted 
were measured (at o®) on alloys quenched from 700®. 

** Supersaturate at the temperature of measurement (cf. previous footnote). 
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cally analogous materials can only form mixed cr>stals (at ordinar)- tfmj)iraturc, if the 
ions mutually replacing one another do not difTcr too widely in radius (not more iliart j''„. 
according to experiment). It is not generally valid for metallic crystals. Tor exani[ile, (opper. 
which has an atomic radius about to®o less than that of .Au. forms an unbroken series of 
mixed crystals with gold, w’hereas it is only slightly miscible with silver, which has almost 
exactly the same atomic radius as gold. 

(b) Superstructure Phases 

In mixed crystals with a composition corresponding to, or close to, a siitiple 
stoichiometric ratio, it is often found that an ordered distr ibution (jf l)olh kinds of 
atoms among the lattice points sets in at some definite temperature, (cf. I'ig. jdj, 
whereas at higlier temperatures there is a random distribution. Since the ordered 
distribution of the different sorts of atoms among the lattice points results in 
additional interference lines on the X-ray diagram (cf p. 23), it is said that a 
superstructure phase is formed in such cases. 

Formatiori of the superstructure phase is attended with a sudden and fairly large increase 
in the electrical conductivity. This may be explained by the removal of that disturbance 
of the electron waves which was produced by the randomly incorporated foreign atoms. 
The formation of superstructure phases is also accompanied by a small increase in the 
density (Grubc 193' )• The ductility is also greater for an ordered atomic arrangement than 
for a disordered. 

The superstructure phases frequently have a lower crystallographic symmetry than the 
corresponding mixed crystals with random atomic distribution. For example, with crystals 
of the composition CuAu, a compression of one of the three crystallographic axes accom¬ 
panies the transition from the state of the random to that of the ordered atomic distribu¬ 
tion. The cubic face-centered lattice of the mixed crystals changes into a tetragonal face- 
centered phase (c/fl = 0.93) when the superstructure phase is formed. Transformation of a 
mixed crystal into a superstructure phase often leads to the formation of a crystal lattice 
which is typical of sait-like compounds. Thus the superstructure phase CuPd forms a 
crystal lattice of cesium iodide type (cf. Vol. I, p. 211). This is formed from the cubic face- 
centered lattice of the corresponding mixed crystal by the c axis of the original lattice con¬ 
tracting until it is only 0.7 of the a axis, as the ordered atomic arrangement is formed. 

The superstructure phases take an intermediate position between mixed crystals 
and chemical compounds. They are often considered as a special case of mixed 
crystal formation. Since, however, discontinuous changes in properties accom¬ 
pany the transition from random to ordered atomic distribution, and since the 
appearance of the superstructure phases is fundamentally bound up with a simple 
stoichiometric ratio of the components, at least for the ideal ca.se (see below), 
superstructure phases are also frequently regarded as chemical compounds. They 
may then conveniently be distinguished from the chemical compounds proper 
(p. 20) as superstructure compounds. 

Examples of superstructure phases can be found, especially, in Tables 30 and 40 (pp. 248, 
366). In these tables superstructure phases are indicated by enclosing their formulas in 
square brackets. 

Superstructure phases are found not only among alloys corresponding exactly in compo¬ 
sition to the simple stoichiometric ratio of the completely ordered state, but also for alloys 
with compositions lying close to that of the ideal superstructure phase. The properties 
characteristic of the superstructure phase still persist (though in weaker degree) if a propor¬ 
tion of the atoms of one component in the ordered structure is replaced by atoms of the 
other component. With increasing incorporation of excess atoms of the other component in 
the lattice (which occurs in random manner) the typical properties of the superstructure 
phase nevertheless soon disappear. 
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(c) Resistance Limits of Mixed Crystals 

Binary misccl crystals of which one found by Tam 

unattacked by chemical regents, f-plav - d ^estnance hm 

suscept.hle to chenneal a»ack excels ""„,„,ber mulhple of* atom- 

«r; rr'hmts 

dent of the relative proportions of these substances; but with homogeneous alloys i.e., for 
those in which uniform mixed crystals are present-it is observed that the so ution potential 
clep. nds upon the composition. This often happens in such a way that the solution potential 
jumps, at L definite ratio of concentrations of the components, from that of the b^er com- 

display the solution potential of pure manganese, but above 0.5 

copper. Cu Au alloys have the same solution potential as pure gold, if they contain up to 
0.71! atom-% Cut for higher copper contents, the potential falls Imearly to that pure 
copper Ag-Au alloys show ihe solution potential of pure silver, right up to high gold con- 
icnt ; if. however, they are dipped in nitric acid before making the potential me^urements, 
they possess the solution potential of pure gold, even up to high silver content. The poten¬ 
tial of the baser metal is set up, as follows from this, when its atoms are proent in the surface 
of the mixed crystal. A silver-gold alloy can give the surface potential of either gold or silver, 
at will, according as silver atoms arc dissolved out of the surface by means of nitric acid, or 
whether they arc allowed to diffuse into the surface again by annealing. In the case ol the 
Cu-Au alloys, immersion in the (air-containing) solutions for measurement of the solution 
potential suffices to dissolve the baser atoms out of the surface. Corresponding relation 
apply to the case of the Mn-Cu alloys. The occurrence of potential jumps can be ^plained 
in that the atoms lying below the surface are without action only as long as the lattice potato 
of the surface are still sufficiently densely occupied after the baser atoms have been removed. 
The occurrence of resisunce limits towards chemical reactions can be explained corres¬ 


pondingly. . . f X U1 

Tammann f^o] assumed that the rc<]uisitc conditions for the protective action of the nobler 

atoms arc only realized when these are present in the crystal lattice in ordered arrangement. 

With the Cu-Au mixed crystals, and in other instances. X-ray investigation hw confirmed 

this assumption by the observation of superstructure lines. In a number of mixed crystals, 

however, which likewise display resistance limits (e.g., Ag-Au mixed crystals with 0.25 and 

0.5 atom-% Au), no superstructure lines could be detected by X-rays. The question of the 

connection of the resistance limits with the ordered atomic distribution thus needs further 

clarification. Homogeneous subsUnces in which not only is there no ordered distribution of 

different sorts of atoms over the lattice points, but no sort of regular spatial order at all—i.e., 

glasses—display no resistance limits. 


4* Intermetallic Phases 

(a) General Aspects 

In alloys, crystalline species separated by phase boundaries from the crystals of 
the alloy components are called intermetallic phases*. The intermetallic phases 

* A more general name is intermediate phases \ this can also be applied to systems with non- 
metals. 
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therefore differ discontiiiuously in structure from the alloy components and their 
mixed cr^’stals. They can, accordingly, only appear in regions of concentration in 
which, at the temperature concerned, the constituents arc immiscible in the solid 
phase, or in which mixed crystals are not stable. In the phase diagrai7is of alloys 
the intermetallic phases are generally separated from the pure metals or from their 
mixed crystals (and from each other, if several intermetallic phases exist} by 
broader or narrower ranges of inhomogeneity—i.e., by ranges of concentration in 

which the solidihed alloy consists of a mixture of crystallites of different composi¬ 
tion and structure. 


Examples of intermetallic phases of this kind are provided by the intermetallic compounds 
occurring in the phase diagram.^ of \ ol. I, Chap. 13. The systems cited there involv<- inter- 
metallic phases which separate directly from the melt. Such phases can also bo formed 
however, by transformations which take place subsequently, involving the crystals first 
deposited. The primary crystals, still in contact with the melt, may cither interact with it 
on further cooling, to form cr>’Stals of different composition and structure (‘pcriteclic 
transformation’) . or else, after solidification is complete, a transformation sets in. with altera¬ 
tion of composition and structure. It is not uncommonly found that a phase, deposited 
from the melt, undergoes a structural transformation on further cooling, without any 
alteration in composition. This process corresponds to the allotropic transformations of 
ordinary compounds. It leads on to the case in which a mixed crystal phase, on cooling, 
undergoes a structural transformation without change in composition, whereby an inter- 
metallic phase appears in a region of concentration in which, at higher temperatures only 
mixed crystals occur. ’ ’ 


In the phase diagrams of binary alloys, of which both components belong to the 
Mam Groups of the Periodic System, intermetallic phases are usually found to 
have quite narrowly limited ranges of homogeneity, separated from the homoge¬ 
neity range of adjacent phases by a broad region of immiscibility. With alloys 
formed by metals of the Sub-groups, intermetallic phases with broad homogeneity 
ranges are common; the regions of inhomogeneity between them are often only 
narrow, and in certain cases are hardly noticeable*. 

In Fig. 5 are set out the phase ranges of some solidified binary alloys at certain temperatu¬ 
res. The range of homogeneity of any one phase (indicated in the diagram by Greek letters) 
may cither widen or diminish in breadth when the temperature is lowered. The ranges of 
homogeneity of mixed crystal phases of the pure components generally grow narrower as 
the temperature is lowered. The regions of immiscibility are indicated by shading in Fig. 5. 
The mode of presentation used in Fig. 5, which represents a cross section of the phase dia¬ 
gram of the alloy system in question, at some one temperature, makes the phase relations 
very clear, especially in the more complex cases. Thus the significantly different degree of 
miscibility of the components in the systems Cu-Ag and W-Pt is prominently displayed by 
the different breadths of the miscibility gap. 

The concentration range of any one phase region at some definite temperature will be 
denoted subsequently as a range of existence. If the various ranges of existence in an alloy 
system at any one temperature are plotted out, we obtain a cross section through the phase 
diagram at this temperature. If the phase cross sections set out in Fig. 5 arc regarded as a 
general scheme, the phase cross sections of any desired binary alloys can be derived from 

♦ By the 'homogeneity range' of a phase one understands that range of concentration and 
temperature within which’ the homogeneous phase is stable. With regard to the inhomo¬ 
geneous regions of a phase diagram, in addition to the concentration ranges in which the 
solidified alloy consists of a mixture of crystals of different structure and composition, must 
be considered the regions included by the liquidus and solidus curves, in which melt and 
crystals coexist. 
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tlHit ol Sn-Pb for which a phase diagram is given in Fig. 98 Vol. I (p. 5 ^ 4 )- in the case 
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F;k I, Ranges of existence of phases in solid binary alloys, (a) and (b) Alloys with lim. cd 
miscibility of components in the solid state, but without intermctalhc ph^cs. (c) Alloy 
system with one intermetallic phase (^). (d) Alloy system with two intermetallic phases, {^) 

and iv). 


represented in Fig. 5d. the d phase (Zn) has zero homogeneity range: zinc cannot take up 
nickel in appreciable amounts to form mixed crystals, as may be seen in that the inhomo- 
gcncous region y + <5 (i.e., y + Zn) reaches right up to ioo% Zn. In the same way, where 
compounds of consunt composition occur—that is intermctalhc phases of infinitely narrow 
homogeneity range—two different inhomogeneity regions abut directly on each other. 
Their point of contact then gives the chemical composition of the compound. If the homo¬ 
geneity ranges of the intermediate phases are contracted to zero, Fig. 5c represents the 
phase ranges of solidified alloys of the type of the Mg-Pb alloys, and Fig. 5^ that of the 
type of \Ig-Cu alloys (cf. Vol. I, Figs. 100, 101, p. 587)’ This form of diagrammatic 
representation may be extended to systems with as many intermetallic phases as required. 


(b) Intermetallic Phases in Copper Alloys 

/Vs an example of alloys in which a considerable number of intermetallic phases appear 
—some, indeed, with considerable ranges of homogeneity—, Fig. 6 (p. 17) represents the 
phase diagram cross sections of some technically very important alloy systems of copper. 
Those phases of the different alloys which correspond to one another structurally—i.e., in 
which the arrangement of the atoms in the crystal lattice are similar—are indicated in the 
diagram by Greek letters without any subscript*. It is evident that in these systems, more 
or less radical changes take place when the temperature is lowered**. Not only are the 
phase boundaries displaced by temperature, but with decreasing temperature some of the 
phases stable at higher temperatures disappear, and new ones appear. To follow the course 
of these changes in detail reference must be made to the complete phase diagram. That of 
the system Cu-Zn is represented in Fig. 45, on p. 372. 

There is a close relationship between the alloys represented in Fig. 6, as was shown by 
Westgren and Phragm^n. Several of the phases appearing in them correspond to each other 

• Where the same Greek letters have been used for structurally-nonequivalent phases, 
these are distinguished in Fig. 6 by Arabic subscript numerals; those phases peculiar to the 
systems Cu-Zn are marked with the subscript j, those appearing only in the Cu-Sn systems 
with and those only in the system Cu-Al with the subscript 

** This is true provided that cooling b sufficiently slow, so that the transformations 
giving rise to the phases stable at low temperature have time to occur. It is of considerable 
technical importance that one can frequently hinder the transformations by rapid cooling 
(‘quenching’) so that the phases stable at high temperatures persist at lower temperatures, 
in a metastable state. This is also of importance for investigating the properties of the ‘high 
temperature’ phases: this can often be performed at ordinary temperature, with the use of 
quenched samples. 
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Fig. 6. Range of existence of phases in copper alloys. Phases denoted by the same Greek 
letters (without subscripts) correspond structurally to each other, a, copper mixed crystals 
(face-ce ntered c ubic). P , y, an d e a re phases of the Hume-Rothery type. (body-centered 

cubic) ZnCu, SnCus and A lCuj respectively. superstructure form of (i. y, (cubic, 
ver)' large cell, cf. p. 24) Zn^Cus, SngCu 3, a nd .M^Cup, respectively, f, (hexagonal close 

packed)—ZnjCu or SnCu,. 


different from these, being cubic. The intermetallic phases occurring in the Cu-Sn and 
Cu-Al systems, with a higher content still of the second component (r^j or ^gand & respectiv¬ 
ely) have quite narrow ranges of homogeneity, and can be represented by the formulas 
SnCu (nickel arsenide structure**), AlCu (rhombic, related structurally to the y-phase), 
and AljCu (with a tetragonal structure). In all three systems the second component is 
able to take up only a little copper into its crystal lattice (to-mixed crystal phase). 

The intermetallic phases or r]^ and ^ respectively, occurring with high contents of the 
second component, may obviously be regarded as chemical compounds without further 
qualification, because of their stoichiometrically simple and but slightly variable compo¬ 
sition. The intermetallic phases appearing with a predominant copper content, having in 
some cases quite extensive ranges of homogeneity can, however, also be regarded as chemi¬ 
cal compounds. The marked variations in composition which they display can be related to 
defects of order of atoms in the crystal lattices of these compounds. As will be shown below, 
the idea that these phases are intermetallic compounds is not only convenient for the 
chemist, in that it makes it possible to denote them by chemical formulas, but it also brings 
to light certain regularities which govern the appearance of these phases. 

* The phases correspond in so far as the spatial distribution of the lattice points is con¬ 
cerned. The distribution of the different kinds of atoms over the lattice points may differ. 

** The structure deviates from the nickel arsenide type in that additional copper atoms 
are incorporated, in a regular fashion, in the NiAs lattice. The structure and the composi¬ 
tion (45 atom-% Sn) therefore correspond better with the formula SnsCu^. 
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(C) Lattice Imperfections and Defects of Order 

r' . 1 Wttices in which a part of the atoms occupy ‘wrong positions are said 

nice extent during the formation of the crystal, or because the order beeri 

disttubed by external agencies.-e.g., defer,na.ton by mechan.cal 

"Tfoi'ton,, occupy ‘wrong'sites in a crystal lattice which is not irregularly distorted, 
or fa proportion of lattice sites (distributed at random) .s not occupied by atoms, 
l et are td to be lattice defects. In a lattice which is not distorted, atoms are 
'aitrto be located in ‘wrong’ positions if they are either distributed at random over 
interstitial positions or, in a lattice composed of two sorts of atoms, if they take up 
at random, sites which ought, for reasons of symmetry to belong to the other kind 
of atom. In Fig. 7 (next page) the three types of lattice defect are illustrated 
schematically .Latticedefectsof the first two types can occur in the cystal lattices 
of elements, as well as of compounds. Lattice defects of the third kind are possible 

only in the crystal lattices of compounds. 

I attice sites, distributed at random*, which arc unoccupied by atoms, are'termed ‘latUcc 
holes’ or ‘vacant sites’. I hcy should not be confused with ‘intcrlattice or interstitial posi- 
dons- i.e.. the free interstitial spaces in an assembly of spherical atoms m contact with each 

other, to which a crystal approximates. 


Lattice imperfections in the narrower sense are also frequently found in non- 
inctallic substances. With metals, indeed, on account of their good powers of 
crystallization, such imperfections rarely occur intrinsically in any considerable 
concentration. They arc usually produced secondarily, as a result of deformation 
by working. As against this, it is typical of metals that defects of order may bt 
present to a considerable degree. This is very closely connected with the capacity 
of the metaU for forming mixed crystals. In doing so, atoms of one metal may be 
exchanged for those of another, or atoms may be incorporated in interstitial posi¬ 
tions. However, lattice defects are in no sense restricted to metallic lattices only. 
In fact, it has been shown that they are quite usual in ionic crystals also, though 
their concentration in these is usually very minute**. 


Lattice defects have no effect on the chemical composition of typical salt-like compounds, for 
the reason that the electrostatic forces between the ions require that the charges of opposite 
sign shall exactly compensate each other. If, therefore, in the crystal lattice of a salt AB, a 
certain proportion of the ions A takes up positions belonging structurally to the ions B, the 
requirement that the charges shall balance implies that a corresponding proportion of the 
ions B must occupy the places of A-ions. A corresponding compensation operates for the 
inclusion of ions in interstitial positions, and for the occurrence of vacant sites. Intermetallic 
compounds are not affected by any requirement of compensation of charges, except in so 

* If one removes atoms from a crystal lattice in regular fashion, a new structural type is 
produced. Thus by leaving the cube centers and the mid-point of the edges of every unit 
cell unoccupied by atoms, (i.e., if one considers the chloride ions omitted from Fig. 44, 
p. 209 of Vol. I), the rock salt structure becomes a face-centered cubic structure. 

•• The number of lattice defects increases with rise of temperature. 
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far as they approximate the salts in constitution. In the cf^stal lattice of an intermetallic■ 
compound AB, the atoms B can tlierefore partially occupy the lattice sites of .\-aioms, or he 
built into interstitial positions, or vacant sites may be left in the sub-lattice of .\-atoms \N ith- 
out the occurrence of anything corresponding in the sub-lattice of B-atoms. Each of ttiese 



Type I Type II Type III 


Fig. 7 - Defects in the crystal lattice of a compound (schematic). Type I. Ciomponent present 
in stoichiometric excess is incorporated in interstitial positions. Type II. Vacant sites in sub¬ 
lattice of component present in deficient amount. Type III. Lattice sites belonging to one 
constituent are occupied by atoms of the other component, which is present in stoichio¬ 
metric excess (substitutional type). 

processes results in an excess of B-atoms in the compound. If the proportion of component 
A in the compound is progressively increased, the atoms of component B may, for example, 
be displaced from their position in the sub-lattice, and finally .-X atoms may enter the B- 
sub-Iattice; a compound now results which contains an excess of component A. It does not 
even follow that the lattice type corresponding to the stoichiometric composition will be 
distinguished by a particular freedom from lattice defects. The stoichiometric composition 
may arise simply because the different sorts of lattice defect—e.g.. vacancies in the B-lattice, 
and incorporation of B-atoms in interstitial positions—happen to compensate in their 
effects. 

(d) Intermetallic Phases as Chemical Compounds 

No sharp demarcation can be drawn betv/een intermetallic compounds with'a 
narrow range of homogeneity and ordinary compounds. Intermetallic phases of 
this kind have therefore always been regarded as chemical compounds*. It has 
now been shown that many of these intermetallic phases, regarded as typical com¬ 
pounds, possess a homogeneity range which, although very narrow, is still of 
perceptible extent. This fact, in conjunction with analogous observations made 
upon compounds with the non-metals, has made it necessary to drop constancy of 
composition as the criterion of a chemical compound. 

There are special reasons (which have been discussed in Vol. I. Chap. 9) why the typical 
‘salt-like’ and ‘adamantine’ compounds (Vol. I. p. 293 ff.) display a strictly stoichiometric 
composition. When typical intermetallic compounds display practically stoichiometric com¬ 
positions, their behavior is generally determined not so much by the nature of the valence 
forces, as by the atomic radii of the components and by the crystal structure. If, by reason 
of the different atomic radii of its structural units, the cr>'stal lattice permits no appreciable 
defects of order, a substance of practically constant composition necessarily results. If 
lattice defects may be tolerated in substantial amount, the composition may vary correspond¬ 
ingly. From the chemical standpoint there is no real difference between the two cases. 
There is therefore no objection to the extension of the concept of ‘chemical compound’ to 
include intermetallic phases with homogeneity ranges of any magnitude whatever, as long 
as they may be referred to some structure with a definite ratio of the components. Such an 
idealized structure, obtained by eliminating all defects of order, then furnishes the chemical 
formula of the compound in question**. 

* The first systematic experiments on the ability of the metals to combine with one another 
were described by Tammann (1906 and later). 

*• Variability of composition is indicated in formulas by a stroke placed over the formula 
(cf. Vol. I, p. 586). 
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ainonK ihc lattice sites is eventually rcac . increasing tendency towards the 

rarely fully achieved in ‘^''^"‘^“‘^jYaalcrK^ncrally becomes apparent with decrease of 
ordering of the atoms in the cry accordingly, between intcrmctallic phases 

temperature. No demarcation can distribution and those with considerable 

r. H appear, d«irablc .« cxtmd the concept of the chemi- 

, ;,1 compound .o include ^i^ucturc to assign an idealized formula to 

';i’:u?bri>a- —i‘'°" (Ex-P'- ''' Ag,, which displays --fancy of composition, but 

't' nkcn o at mixed crystals of the corresponding compound with one or other com- 
..1^5 v et (tf mixed crystals) is not logically valid, however, in cases where vana- 
poneni. Ihis view (o* ^ > occurrence of vacant sites in the lattice of one component 

'’nl't It ra'y'itdtd happen that a eompound is stable only if vacant sites are present tn the 
«nl>. so that one component is necessarily present m excess, as 

uan d^wdh the idealized formula. The composition of such a compound may be prac- 

‘'cally constant or may E-arkedly variab.e^but 

sJ’tes'lmt'on other laltiee detets also. Hence it is often quite impossible to «tablish formula 
of iniermctallic compounds on purely analytical grounds, even when they arc of nearly 
constant composition; it can often only be done in conjunction with structure determination. 
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It is not desirable to restrict the concept of chemical compounds to those mter- 
mctallic phases which are of fixed composition, for the following reason As me¬ 
thods of investigation have been continually refined, it has been established in a 
constantly increasing number of instances that intermetallic phases which were 
formerly regarded as constant in composition, have a perceptibly extended range 
of existence. Considering the marked capacity of the metals for mutual replace¬ 
ment in their crystal lattices, it seems doubtful whether intcrmctallic phases of 
strictly constant composition exist at all, except possibly at very low temperatures. 
It appears, moreover, that an intermetallic phase with a narrow range of existence 
—i.e., a compound in the old sense—frequently corresponds in some related system 
to a structurally similar phase with a broad homogeneity range, which resembles 
the former sufficiently closely in properties for the two phases to be regarded as 

completely analogous. 


Thus, the c-phasc in the system Sn-Cu, which (because of its narrow homogeneity range) 
has always been regarded as a compound SnCu„ corresponds to an c-phase with a broad 
existence range in the system Zn-Cu. Both phases agree not only in their crystal structures 
(hexagonal closest packing), but are also related in other properties; moreover, as will be 
shown later, there is a close constitutional relationship between them. 

Intermetallic phases can be brought into the concept of the chemical compound 
if the latter is defined as follows: a chemical compound is a composite^ homogeneous 
substance, the properties of which cannot be transformed continuously into those oj Us con^ 
stituents by changes in the composition. 
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The ordered arrangement of the atoms within the crystal lattice is no more an essentia! 
characteristic of chemical compounds than is constancy of composition. There are chemical 
compounds which at higher temperaturc^s have a disordered, and at lower temperatures an 
ordered distribution of atoms in the crystal lattice, without the structure undergoing anv 
change in other respects. For ir^tance/^' brass is the superstructure phase, stable at ordinary 
temperature, of the /^-brass, ZnCu. which is stable at higher temperatures. 

If a homogeneous substance, made up of the constituents A. B. and C can be transformed 
continuously, by altering the composition, into the constituent C, but not into A or B. then 
It IS to be regarded as a mixed crystal of the clement C with a compound of .A and B. For 
example, the compound CdjAg forms an unbroken series of mixed crystals with Mg as 
has been shown by Laves (1936). 


(e) The Hume-Rothery Rule 

The occurrence of the phases marked as /i. y and e in Fig. 6 is not peculiar to the allov 
systems cited there. Phases structurally equivalent t > these occur, rather, in a large number 
of alloys of the metals Cu, Ag and Au. The ability to form intermetallic phases with the 
structure ot p-, y- and e-brass can be regarded as a characteristic property of the metals of 
Sub-group I of the Periodic System. In the intermetallic phases of the type of p-, and 
£-brass, the metals of Sub-group I (and other metals which correspond to them in function 
—see below) are termed ‘metals of type T; the metals which form these phases with them 
are termed metals of type IT. Be, Mg. Al. Ge, Sn. Sb, Zn. Cd and Hg can function as 
metals of type II. The formation of these phases is governed by a rule proposed by Hume- 
Rothery in 1926. The ratio of the total number of valence electrons to the total number of atoms 
determines the structure of the phase which is formed. With a ratio of 3 : s, the body-centered p -phase 
appears, with si : 13 the cubic y-phase, and with 7 : 4 the hexagonal t-phase. 

Electrons considered here as valence electrons are those which cannot be assigned to a 
complete shell i.e., with Cu, Ag, and Au, one electron each (cf. p. 361 et seq.) with 2 n 
Cd and Hg, two electrons each (cf. p. 425), and with the metals of the Main Groups as many 
dcctrons as are ionized off exerting the maximum eJectropositive valence. 

Hume-Rothery’s rule holds in nearly all instances where the compounds have constant" 
composition, or where, with variable composition, the different atoms are regularly ordered 
in the crystal lattice, so that it is possible to assign idealized formulas to the compounds 
without difficulty*. In those cases where variable composition and random distribution of 

TABLE I 


HUME-ROTHERY COMPOUNDS 


21 : 14 

or 3 : 2 

Ratio of valence electrons: atoms 

21 : 13 

2! : 12 

or 7 : 4 

P Phases 

y-Phases 

«-Phases 

BeCu 

AICU3 

SnCuj 

ZnCu 

AI4GU, 

SngCusj 

Zn^Cu^ 

BcjCu 

GeCuj 

SnCu, 

SbaCuij 

ZOgCu 

MgAg 

ZnAg 


Zn^Ags 

Al,Ag3 

ZnjAg 


CdAg 


CdflAgs 

HggAgj 

SnAga 

SbjAgi, 

Cd,Ag 

MgAu 

ZnAu 

CdAu 


Zn^Au, 

CdgAuj 

AljAug 

ZdjAu 

CkijAu 


* The y-phase occurring in the system Cu-Hg, with the composition CuHg, is an excep¬ 
tion. There are, moreover, a few compounds which have, indeed, the composition required 
by the rule, but differ in structure—e.g., AIAgj, AlAuj and SiCuj form structures of the 
^-manganese type (p. 24). 
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■tom, over the lattice points occur simultaneously, the compoa.t.ons demanded by the rule 
1 ^within the measured homogeneity range, or so close to tt that the formula based on the 
rule can be regarded as the ideal formula of the compound. Table l gives a summary of a 

sfrif*«5 of compounds which obey the Humc-Rolhery rule. u . jj 

\s Westgren and Ekmann have shown (1931). the Hume-Rolhery rule can be extended 
,0 th< rnculs of the Vlllth Sub-group and manganese; the 

trons can be considered to be o in compounds with metals of type II. Thus AlMn, MFe, 
■WCo and AlNi form structures of the type of the jS-phasc, and the compounds FejZn„, 
CosZn,,. NisZm.. Rh,Zn„. Pd,Zn„. Pt,Zn,„ those of the -/-phase type. 


(f) Other Rules for the Formation of Intermetallic Compounds 

The strongly electropositive metals (alkali and alkaline earth metals) also frequently 
form compounds with the metals of the Sub-groups of the Periodic System which corres¬ 
pond in composition and structure to /^-brass (Zintl. 1933 )- The Hume-Rothcry rule does 
not however hold for these compounds which, in every case, have an ordered arrangement 
of the atoms; the concentration of valence electrons (= ratio of total numl^r of valence 
electrons to total number of atoms) in these compounds can vary considerably. 

\t high temperatures the metals of the first kind (Mn. Fe. Co. Ni, platinum metals—except 
Ru and Os—. Cu. Ag. Au) form only mixed crystals with one another. On cooling, these often 

form superstructure phases (Dehlinger). . ai jc ^ 

I'hc alloys which the metals of the second kind (especially Zn, Cd, Hg> Mg, Al, and on) 
form with each other occupy, according to Dehlinger (1935), an intermediate place between 
the alloys formed by metals of the 1st kind with each other, and the alloys of the strongly 
electro-positive metals with the metals of the ist and 2nd kinds. The metals of the Sub¬ 
group 11 of the Periodic System form no compounds with each other, and arc extensively 
miscible in the solid state only when the difference in atomic radius is small (Cd-Hg). Mg, 
on the other hand, forms compounds with them, having an ordered atomic distribution and 
narrow homogeneity range, if the difference in atomic radius is large (Mg-Zn) or if the 
chemical similarity is only slight (Mg-Hg). Otherwise if the difference in atomic radius is 
small, extended ranges of mixed crystals are formed, and superstructure phases appear on 
cooling (cf. Table 45, p. 426-7). A 1 and Sn behave like magnesium towards the metals of 
Sub-group II, except that they have a yet more marked tendency to form compounds, 
whereas the ability to form mixed crystals is weaker. As compared with the metals of Sub¬ 
group II, Mg, Al, and Sn possess large atomic radii and high polarizability. According to 
Dehlinger, both mutual miscibility and the formation of compounds by these metals of the 
second kind are determined by the atomic radius and the polarizability of the atoms. In 
alloys formed by metals of the first kind with one another, on the other hand, atomic radii 
arc never critically important. 


5. Structures of the Metals and of 
Intermetallic Compounds 

The pure metals mostly have very simple crystal structures. They crystallize 
preferably in structures with closest packing of atoms, or in structures resembling 
those of closest packing. Of the 54 metals of the Main and Sub-groups of the 
Periodic System*, 14 (at ordinary temperature) form structures of the magnesium 
type (hexagonal closest packing); face-centered cubic structures (cubic closest 
packing) and body-centered cubic structures are each formed by 13, whereas 2 
(Sb, Bi) crystallize in the antimony type, which can be regarded as a deformed 
cubic structure. Of the pure metals with known structures**, only 6 (U, Mn, Hg, 
Ga, In and ^-Sn) form unique structures which are not observed for other elements, 

• For crystal structures of the lanthanides see p. 487. 

** The structures of Ra, Sc, Ac and Pa are still unknown. 
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though some of them are found among intermelallic tompounds. The low tem¬ 
perature modification of tin (a-Sn), whicli docs not display purely metallic 

character, and also gerinanimn Tor which the same is true) have the diamond 

structure. 

Intermetallic compounds often have the same structures as arc observed for pure 
metals, except that where the atoms are distributed in ordered fashion over the 
lattice points, superstructure forms of these lattices 
result. Cr>'StalIographically. theseare to be considered 
as special lattice types, but if the diflerences between 
the different sorts of atoms are neglected, they are 
transformed into such structures as are found for the 
pure metals. 


Thus /?-brass, as already stated, forms a body-centered 
cubic structure—that is. a crystal lattice that differs struc¬ 
turally both from that of copper (face-centered cubic) and 
that of zinc (hexagonal close packed), but is observed for 
numerous other pure metals. In this, Cu and 2 n atoms 
are distributed at random over the lattice points, so that 
the crystallographic symmetry of the crystal lattice is the 
same as if it were built up from only one sort of atom. If. 
however, the two sorts of atoms become distributed in an 
ordered manner over the lattice positions (as is the case 
in the /?’-brass phase which forms on annealing), the 
body-centered cubic structure is transformed into a crystal 
lattice of cesium iodide type*. The compound AlCu^, which also belongs to the / 5 -brass 
type, forms the structure shown in Fig. 8 when the atoms are regularly ordered. It may be 
seen that this also becomes a body-centered cubic structure if the difference between the 
atoms is ignored, or if they are distributed at random. 

The superstructure form of the body-centered cubic structure, shown in Fig. 8, has also 
been fourid in the compounds LaMgj, CeMgj, PrMg,. in which the atoms are always 
distributed in regular order over the lattice positions (Rossi, 1934). These compounds do 
not belong to the / 5 -brass group, however, since the valence electron concentration is not 
the determining factor in their formation. 

A structure which was first discovered for the compound NaTl, by ZintI (1932), can also 
be considered as a superstructure of the body-centered cubic lattice (cf Fig. 9). A series of 
alkali compounds (LiZn, LiCd, LiAl. LiGa, Lain, Nain, NaTl) crystallizes according to 
this type. Formation of these compounds is also not determined by the valence electron 
concentration, so that they do not belong to the ^-brass group. In the crystal lattice of the 
NaTl type the atoms are always regularly distributed over the lattice positions, this oc¬ 
curring in such a way that each sort of atom, considered by itself, occupies the positions of 
the diamond structure. 

Structures such as those last mentioned, which can be derived from another structure 
through the ordered occupation of a proportion of the lattice points by another kind of 
atom, are called ‘superstructure types’, because in their X-ray diffraction patterns, addition¬ 
al lines (superstructure lines) are superimposed on the lines of the basic structure. The 
superstructure lines arise from the fact that the lattice points occupied by atoms with 
different numbers of electrons reflect or scatter X-rays with different intensity. This leads to 
the appearance of additional interferences, for the same reason that the inclusion of ions 
with the same number of electrons in a crystal lattice, instead of atoms with different electron 
numbers, leads to the disappearance of X-ray interference lines, as was shown in Vol. I, 
p. 213. 

The structure of CaSng, illustrated in Fig. 108, (p. 577, Vol. I), and of a series of other 

* It can readily be seen from Fig. 48, p. 211 (Vol. I) that the Csl structure passes into a 
body-centered cubic structure if the distinction between the atoms disappears. 



Fig. 8. Unit cell of .AlCu, 
structure (metastable super¬ 
structure form of the//-phase 
of the Al-Cu system: ob¬ 
tained by quenching to 300 ' 
the disordered form of the 
//-phase, which is stable 
above 570^). 
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compounds of of mixed crystals of 

basic type. The same latt.cc appears m i„ »hc facc-centercd cub c 

^ ^ structure (Examples, [AuCuj], [PdCujJ.fPtCus]). 

The structures of y-brass. and of the alloy phas« 
corresponding to it. arc very similar to that of the 
modification of manganese stable at the ordinary 
temperature (a-mangancsestructure). The u-man- 
ganese structure is closely related to the body-cen¬ 
tered cubic lattice, but has its atoms less closely 
packed and less symmetrically arranged than m 
the latter. The unit cell of the a-mangancse struc¬ 
ture is made up of a cube containing no less than 
58 atoms (‘giant cell’). According to Laves(i 934 ), 
the compound Mg„Al„ has the same structure. 
The unit cell of y-brass, and of the other y-phases 
cited on p. 21, is not quite identical, but is quite 
similar, and contains 52 atoms. In the majority of 
these y-phases, the atoms arc distributed over the 
lattice points in an ordered manner. Difference in 
symmetry between compounds of different com¬ 
position can arise from this cause; however, if 
the differences between the kinds of atoms arc 
overlooked, the structures arc identical. 

A few compounds which, on the basis of the 
Hume-Rothcry rule, ought to form structures of 
the type of / 3 -brass (ZnCu), actually crystallize 



Fig. 9. Unit cellofNaTl (a= 7-742 A). 
The following phases arc isostruciural 
with Nal l:— 


Naln {a 
Liln (a 
LiGa (a 
LiAl (fl 
LiCd (a 
LiZn (a 


7-30 A) 
fi.79 A) 
C.19 A) 
6.36 A) 
6.69 A) 

t 3 . 2 l A) 


in the /i-manganese type. This possesses a structure related to the lace-centered cubic 
structure, containing 20 atoms per unit cell. The compounds crystallizing in the p-man- 
ganese type (AlAu„ SiCuj. ZnaCo) have narrow ranges of homogeneity and a random 

distribution of the atoms. . vr'j vr>A 

Cubic giant cells with 112 atoms are formed by the compounds NaZn,,, KZnij, KCa,3, 

RbCd,3 (Kctelaar 1937. Zintl 1938). The high coordination number („] of cadmium or 
zinc atoms around the alkali metals in these structures is noteworthy. 

A structural type which represents a combination of hexagonal close packing with cubic 
close packing, as shown in Fig. 1 o, was discovered by Laves (1 939 ) f®** compound NijTi. 
Fig. 1 o shows not a single unit cell of the cubic closest packing (a face-centered cube), but a 
section from the crystal lattice which brings out the relationship to the hexagonal closest 
packing. The close packed structures differ in that the centers of the atoms in cubic close 
packing lie exactly above those of every third layer, and not of alternate layers as in hexago¬ 
nal close packing. This difference can be symbolized by the schemes ACACAC and 
ABC.\BC. respectively; the corresponding scheme for the NijTi structure is then 


ABACABAC. 

Intermetallic compounds of the general formula AB* very frequently crystallize in crystal 
lattices which arc characterized by the following structural plan: every A atom is equi¬ 
distant. or nearly equidistant, from 4 other A atoms, and each B atom from six other B 
atoms. Each A atom is surrounded by 12 B atoms at equal, or nearly equal, distances, and 
each B atom by 6 A atoms. Crystalline species built up on this model are termed Laves- 
phases, since they have been principally investigated by Laves (1934 and onwards). Three 
types of Laves phases arc known, which may be represented by the compounds MgZn2, 
MgCuj, and MgNij (cf. Table 2). The MgZnj structure is derived from the crystal lattice 
of zinc (hexagonal closest packing) in such a way that groups, each of 7 Zn atoms forming 
two tetrahedra with a common vertex, are removed, and the center point of each of these 
tetrahedra is replaced by a magnesium atom. The Mg atoms then build up among them¬ 
selves a lattice of mercury or wurtzite type. The MgCu, structure is derived in a similar 
way from the crystal lattice of copper (cubic close packing). It is obtained from this by 
removing half the tetrahedra of copper atoms, (of which one can consider the copper lattice 
to be built up), and placing Mg atoms at the centers of the missing tetrahedra. The Mg 
atoms, by themselves, then form a lattice of zinc blende or diamond type. The MgNi, 
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structure can be regarded as a combination of the MgZn^ structure with the MgCu-j 
structure. In the Laves structures, both A atoms and B atoms taken by themselves form a 



Fig. lo. The three simplest forms of closest packing. 

I. Hexagonal closest packing (magnesium type). 

II. Cubic closest packing (face*ccntered cubic structure, argon or copper typeK 

III. NijTi type. 

I represents a doubled unit cell of the hexagonal close packed structure, with cell 

dimensions a and c (cf. Vol. I, p. 249, Fig. 57). Ideally, c = a = 1.633 'J- 

3 

The lattice planes of the face-centered cubic structure shown in II are perpendicular to 
the body diagonal d of the face-centered unit cell of side a (cf. Vol. I. p. 210, Fig. 46). 

The structure shown in III can be regarded as a mixture of hexagonal and cubic closest 
packing. If the three possible positions of the lattice planes are denoted by A. B. C. the 
sequence in hexagonal closest packing is AC.XCAC (identical with .ABAB.XB, as may be 
seen by shifting the coordinate axis by c/2). The sequence in cubic closest packing is 
ABCABC, and in the hexagonal structure of NijTi it is .‘\BACABAC. For atoms of a given 
size, the unit cel! of III has its c axis twice as long as in the hexagonal close packed struc¬ 
ture I. 


continuous packing of spheres; however, if the atoms are regarded as spherical there is no 
contact between an A atom and a B atom at any point. This demonstrates that the affinity 
between atoms of the same kind plays at least as important a role in the formation of the 
Laves-compounds as does the affinity between A and B atoms. The ratio of the atomic radii 

TABLE a 

LAVES-PHASES 


MgZnj-Type MgCuj-Type MgNij-Type 


MgZn^ 

MnBcj 

NaAuj 

AgBe, 

MgNi, 

CaMgj 

ReBcj 

KBi, 

MgZnNi 

TiCoj 

TiMnj 

FeBcj 

MgCuj 

MgZni.gCop., 

MgAlCu 

TiFcj 

MgAlCu 

CaAlj 

MgZni.jAgo.g 

MgSio.jCui..^ 

VBcj 

MgAl,.,Ago.9 

PbAuj 

MgSi<,.2Ni,.8 

MgZni.gAgg.. 

CrBcj 

MgSio.jCui.s 

BiAug 


Mg(Zn,Cu)., 

MoBcj 


TiBej 

(Pdo. 5 Beo.,)Be 2 


WBe, 


TiCo, 

(Cuo.,Beo.j)Bej 


WFcj 


ZrWj 
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is aUo a significant factor. According to Dehlingcr and Schulze ( 1939 ). 

will be forc'd between an A atom with very strong tendency for ^o/ 

B atom with an incomplete penultimate electron shell* and with a radius about 25/0 

smaller than that of the A atom. 


6. Structures of Quasi-Metallic Compounds 

of Non-Metals 


Compounds of the non-metals B, C. N, and H with the transition metals generally have 
a quasi-metallic character (high conductivity, in some cases even superconductivity). If the 
ratio of the atomic radii of non-metal** and metal is small enough (< o. 59 )» regular 
structures are formed, as shown by Hagg (i 93 »), which are derived cither from one of the 
three types (face-centered cubic, body-centered cubic, hexagonal close packed) most com¬ 
monly found for the pure metals or, less often, from a simple hexagonal lattice with the 
axial ratio c/a - 1 : t (sec Fig. it) which is not observed for the pure metals: the non- 
metal atoms are inserted into interstices of the lattice. The compounds so resulting corre¬ 
spond in almost every case to one of the following formulas: M^X; MjX; MX, MX2. The 
compounds M,X and MsX tend to have wide, the compounds MX and MX, narrow 
ranges of homogeneity. The non-metal atoms X are usually incorporated as pairs in the 
crystal lattice of the compounds MX,. 



Fig. It. Simple hexagonal cell. 

Example: Tungsten with 50 atom-% carbon forms a simple hexagonal lattice (a = 2.90, 
C= 2.83 A), in which the C atoms are inserted—probably occupying the lattice points with 

coordinates 

332 


Fig. 12. Unit cell of the compound Fc,B (oo = 5.10, = 4 24 A). Isostructural with Fe,B 

arc Co,B (a® = 5.01, = 4.21 A), Ni,B (oq = 4 - 98 . fo = 4.24 A) and Al,Cu (oq = 6.05, 

Co = 4.88 A). 


Fig. 13. Unit cell of the compound FeSi, (co = 2.68, Cg = 5.12 A). The composition of the 
compound may vary between 68.8 and 72.1 atom-% Si. It therefore always contains an 
excess of Si atoms, which arc incorporated in the crystal lattice at random, in place 

of Fc atoms. 


♦ By an electron shell is meant here a group of electrons with the same principal quan¬ 
tum number n, and the same azimuthal quantum number / (or Bohr subsidiary quantum 
numbe r k). It must be borne in mind that outer shells that arc complete in the atomic state, 
are frequently resolved in the nutallie state. Thus the ns shell of Be and Mg is split up into 
an nv and a np level, each with one electron (cf. here Vol. I, p. 239 el seq.). 

•• Thv non-metals cited have the following atomic radii in the compounds with the 
metals: B 0.97 A, C 0.77 A, N 0.71 A, H 0.45-0.46 A. 
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amounts of thr non-mcal can lx- 

structural type, result, in some eases svith complifam^s"^Z : 

itkcTe7;°"’'’°“"''^ '^e^B and FeSi,). .M.Cu. Co,B and Nidi Face suu. tures 

thus afwa^h^TgZr slt;.tent“,h“"’“®""''' 7"*- 7" 


mixed crysfols 


7. Improvement of AUoys 

The mechanical properties of metals and alloys can be improved bv mechanical 

TwtTp ‘'i--ed 

(cold wofkinl^ ; ^' ' "'“Sl'cnifg by plastic cleromiali..n in the ckl 

(cold worUng) ., .s very tntportant that a considerable increase in hardness and 

ouencleTrom 7h® T>- involve 

quenching from htgh temperatures, followed by an annealing at low temperatures 

:: a«rrde"n1ne 'emperature. and is known as pr 7 ,pitation harrirg 

or age hardening. This hardening process, which 

was discovered by Wilm in 191, for an aluini- 
num-copper alloy, is distinguished from thelong 
known hardening of steel (cf. p. 268), in that 
the considerable increase in hardness and 
strength is not obtained immediately on quench¬ 
ing, but only after standing or on moderate 
heating (annealing) of the quenched alloy*. 

The oldest and best known representative of 

the age-hardening alloys is Duralumin (cf. \^ol. I, 

p. 348). It has been found, however, that there 
are many age-hardening alloys. Alloys can al¬ 
ways be age-hardened if they consist of mixed 
crystals which are nearly saturated at high 

temperatures and which can be brought into the condition of supersaturated 
mtxed crystals by quenching. The age-hardening depends on the fact that decom 
pos.t.on of these mtxed crystals sets in on aging, with the result that a second cry- 
stallme phase separates out tn a highly disperse state**. It is assumed that the in- 
crease in hardness, and the other properties connected with this, are produced bv 
the internal stresses which arise within the crystal lattice of the m^ed ert stal 

itrifnal r:S"'°'' 

many points in the lattice of the mixed crystals, the atoms RoTverto he nn.V^ ’ 
to the second crystal phase,—at first within small domafns Once d^er^^^ V 

by x-rays, .77717 



Wfiqhl~oer cenf Cu 
Fig. 14. Limiting composition of 

aluminum crystalscontaining cop¬ 
per, as function of temperature. 
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F.« . 4 ow . Aluminum alloyed wi.h copper, accordingly display part.cularly 

'SimmmrnM 

,u.- m,-tillable state at ordinary temperature by quenching. In this ease also me oe 
romposition ran be carried out in such a way that the decomposition products appear in a 
hiuhlv disperse state analogous to the age-hardening of a mixed crystal phase. 

I he temile strength of alloys is augmented by age-hardening, just ^ is 
The tensile strength of finely crystalline annealed pure aluminum is about 8 kg/mm . It 
" K to about 2^ kg/mm« by cold working. Ordinary coppcr-containing aluminum 

(not age-iardened mixed cr^r.als) has strengths up to tt5 and after cold working “p 

o 40 kg/mm*. By age-hardening, its strength can be increased to 5 ° 

Icr cofd working to 60-70 kg/mm*. The tensile strength of an age-hardened beryllium- 
copper alloy with 2 . 5 '*u Be is no less than 130-150 kg/mm*, and thus reaches a figure which 
is reached or exceeded only by the best types of steel. 
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CHAPTER 2 


third SUB-GROUP OF THE PERIODIC SYSTEM; 
SCANDIUM, YTTRIUM, LANTHANUM, AND ACTINIUM 
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Symbols 

Atomic 

Densi¬ 

Melting 

Specific 

Valence 

Atomic 

numbers 

Elements 

weights 

ties 

points 

heats 

states 

•2 1 

Scandium 

Sc 

44.96 

3 ' 

ca. 1400® 


III 

III 

III 

III 

39 

57 

Yttrium 

Lanthanum 

Y 

La 

88.92 

138.92 

4-34 

6.18 

ca. 1500 
826" 

0.045 

89 

Actinium 

Ac 

227 





1. Introduction 


a) General 

The third Sub-group of the Periodic System contains three rare elements, 
scandium, yttrium, and lanthanum, together with a radioactive element, actinium, 
which occurs in Nature in extraordinarily minute quantities. 

Except that their valency is higher by one unit, the elements of Sub-group III 
bear a close resemblance in properties to the elements of the Ilnd Main Group, 
that immediately precede them (calcium, strontium, barium and radium res¬ 
pectively). They resemble these elements, indeed, more closely than they do the 
elements of the third Main Group. 

The atomic cores remaining after ionization of the three valence electrons for the Illrd 
Sub-group elements are like those formed from the Main Group II elements, except that 
they bear a charge one unit greater, and that the higher nuclear charges bring about a 
stronger contraction of the electron shells. The iorts Sc**, Y**, La**, and Ac**, like Ca *, 
Sr**, Ba** and Ra** have the ‘inert gas’ configuration, whereas the ions Ga**, In** arid 
Tl** differ from the inert gas atoms, and therefore also from Al**, in that they contain 
electrons in rf-levels. The filling up of the rf-levcls is accompanied by a contraction of the 
atoms, with the result that there is a smaller difference in radius between the Al** ion and 
the Ga** or In** ions than between the Al** ion and the ions of scandium and its homolo- 
gues. In the neutral atoms, the configuration of the outer electron shells is the same for gal¬ 
lium, indium, and thallium as it is for boron and aluminum (r*^), whereas scandium and 
its homologues have the configuration ds*. These various influences act in opposite direc¬ 
tions, with the result that—depending on the properties invoked in making the comparison— 
either the aluminum homologues in the Main Group, or those in the Sub-group, may seem 
to bear the closer relation to aluminum itself. 
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Like boron and aluminum, the elements of the third Sub-group are always 
trivalent in their normal compounds. They have a very strong tendency to form 
sall-likc compounds. The electropositive character increases continuously from 
aluminum to lanthanum and actinium. 


According to Neumann’s mca.surcmonts, the decomposition potential of lanthanum 
chloride at 800" is about 0.31 volts greater than that of aluminum chloride. The temperature 
coefficient is relatively high for lanthanum chloride, so that at room tcmperaiun- the 
difi'crcnce should be still greater. 


Like all the elements of the Sub-groups, the elements of Sub-group III arc 
purely metallic in character. They all form solid, very involatilc and verv insoluble 
oxides. These oxides are purely basic in character. In this respect tliey dilTer to a 
considerable extent from the typically amphoteric oxide of aluminum. Their basic- 
properties are far more strongly developed than are those of the homologues of 
aluminum in the Main Group: gallium oxide and indium oxide, like aluminum 
oxide, are amphoteric. There is a distinct increase in basic strength from scandium 
oxide to lanthanum oxide; the latter is only slightly inferior to calcium oxide in its 
basic character. 

The infusible metal oxides were formerly known generally as earths’, by analogy 
with aluminum oxide (German, Tonerde; clay earth). This name has been retained 
for the oxides of scandium, yttrium, and lamhamiin, which are e.specially typical 
of the ‘earths’. The metals from which these typical earths are derived arc con¬ 
veniently known as the ‘earth metals’. 


Irnmedlalcl)- 
elements which 


following lanthanum in the Periodic System is a long series of 
all display a far-reaching similarity in chemical character to 


lanthanum itself. These are known as the lanthanides (tliis name was proposed bv 
Goldschmidt), and as has already been mentioned, they constitute a special series 

c S\ stem, ih is group will be discussed in Chap. 10. 
The oxides of scandium, yttrium, and lanthanum, together with those of the 
lanthanides, are all grouped together under the name of the rare earths, because 
they are found in Nature in substantial amounts only in very few places. A charac¬ 
teristic of the rare earths is that a large number of the group invariably occur 
associated with each other in Nature. Scandium is the only one which also occurs 
in minerals free from the other rare earths, or at least with a low content of the 

occupies a unique position with respect to the 
other rare earth elements; this arises from its closer resemblence to aluminum. 


The electropositive trivalence of the metals of the Illrd Sub-group can be 
explained in the same way as that of aluminum, namely by their position with 
respect to the inert gases. As neutral atoms, they all contain 3 electrons more than 
the preceding inert gas. Although one of these is bound differently from that in 
aluminum (as a d electron instead of a electron), it is nevertheless relatively 
easily removed by ionization, like the two s electrons. As is shown in Table 3, the 
energy which must be expended in the case of scandium to ionize off a fourth 
electron is considerably greater than the sum of the energies of ionization of the 
three most loosely bound electrons. 


The strongly electropositive character of the Illrd Sub-group metals is shown, 
for example, in their high affinity for oxygen, and quite generally by the high heats 
of formation of their salt-like compounds (cf. Table 4). Heats of formation, in so 
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TABLE 3 


IONIZATION ENERGIES FOR THE 


ELEMENTS OF THE IIIRD SUB-GROUP 


— 

--- 

Scandium 

Yttrium 

Lanthanum 

I M - 

II M* 

III M*^ — 

-f- r 
M** + e 

4 - r 

154 

295 

57'-8 

150 

283.7 

470 

129 kcal/g atom 

262.5 „ 

Sum I -t 11 

H III 

1021 

904 

832 kcal/g atom 

M**- - 

4 - e 

1697 


kcal/g atom 


far as they arc at present known, are greater than those of the corresponding 
compounds of aluminum-in some cases considerably greater The strongly 
electropositive character is also evident, in the case of lanthanum, by its behavior 
towards hydrogen, which combines with this metab as with the alkaline earth 
metals to form a solid salt-like hydride. Lanthanum hydride differs from the alkaline 
earth livdrides, however, in that its hydrogen content varies with the temperature 
and pressure, so that the formula UH, represents only the Umiting composition 
reached when the uptake of hydrogen is a maximum. Lanthanum hydnde thus 
forms a transition towards the quasi-metallic hydrides, having the properties of 
solid solutions, which are encountered in the subsequent Sub-groups of the 
Periodic System. (There is as yet no detailed knowledge of the hydrides of Sc, Y, 

and Ac.) 


TABLE 4 

HEATS OF FORMATION OF COMPOUNDS OF ELEMENTS OF THE IIIRD SUB-GROUP 

(in kcal per g-equivalent) 


Element 

Oxide Fluoride 

Chloride 

Bromide 

Iodide 

Sulfide 

Nitride 

Scandium 


73-6 

63-5 


_ 

25.0 

Yttrium 


78.3 


47-7 


23.8 

Lanthanum 

89.8 — 

87-9 


55-8 

49 

24.2 


The carbides of the elements of Sub-group III (which are obtained by heating 
the oxides with carbon in an electric furnace) do not correspond in composition to 
aluminum carbide, but to the carbides of the alkaline earth metals: they are 
acetylides, of the composition MC„ in which the metals are present in the electro¬ 
positive bivalent state*. 


Scandium and its homologues have only a very slight tendency to form covalent com¬ 
pounds, and especially compounds with organic radicals. It has been reported that alkyl 
compounds of these metals can be obtained, in the form of addition compounds with ether, 
by the reaction of the anhydrous chlorides with Grignard reagents (Pletz. 1938). The 
acctylaccionates—e.g., Sc(CsH70j)j (m.p. 187®, sublimes at 200° in a vacuum) can proba¬ 
bly also be considered as covalent compounds. This poor capacity for forming typical 
organomctallic compounds (alkyl and aryl compounds) shows Itself not only in the elements 

* Direct experimental proof of this has been obtained only for the compounds YC^ and 
LaCj. It is not known whether scandium forms an acelylide or a carbide of some other type. 
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of Sub-group III, but right through the other transition elements up to and including 
Sub-group \ III. Chromium is the only transition element for which such compounds can 
be readily obtained. (See p. 345 for the corresponding compounds of platinum. 1 In contrast 
with this behavior, alkyl and ar>’l compounds are known for all the elements of Sub-groups I 

and II. Organometallic compounds of the Sub-group II metals arc formed very easily 
indeed. 

(b) Crystal Structure of the Metals 

In the metallic state, the elements of Sub-group III crystallize with the he.xagonal closest 
packed structure (as do the metals of Sub-group I\’). Sc and La can also crystallize in cubic 
closest packing (face-centered cubic structure). The face-centered cubic form of lanthanum 
IS the stable modification at high temperatures. Table 5 shows the lattice constants, densities 
calculated therefrom, and apparent atomic radii of the elements. The apparent ionic radii 

are shown also. Densities as determined pycnometrically are given in the chapter-heading 
Table, p. 30. 


TABLE 5 

CELL DIMENSIONS, DENSITIES, ATOMIC RADII AND IONIC RADII OF EI.F.MF.NTS 

OF SUD-CROUP III 




a-Sc 


ti-Sc 

Y 

u-La 

^-La .\c 

Cell dimensions, A 

a = 3.30 

a 

= 4-53 

a = 3.63 

a = 3.74 a 

= 5.30 — 



c = 5.24 



= 5-75 

c = 6.06 


Density 

(X-ray) 

3.02 


3-20 

4-47 

6.19 

6.19 — 

Atomic 

radius r 

1.62 A 

1 

.60 A 

1.80 A 

1.86 A 1 

.87 A 

(C.N. 

= 12) 





Radius ' 

of M®"*" ion 

0.83 

A 


1.06 A 

1.04 A 

1.1 .4 


(c) Alloys 

Lanthanum is the only member of Sub-group III for which the behavior towards other 
metals has as yet been extensively studied. It has a great capacity for forming alloys. The 
alloy systems almost invariably involve not only mixed crystals, but also compounds, which 
in many cases are numerous Tt may be assumed that scandium, yttrium, and actinium will 
resemble lanthanum in this respect. The alloys of lanthanum, and the intermetallic com¬ 
pounds formed in the various systems, will be found summarized in Table 53, p. 489. 

(d) Radioactivity 

Actinium occupies a special position among the elements of Sub-group III_not 

on account of its chemical properties, but because it is a strongly radioactive 
element, is therefore quite short lived, and is very difficult to obtain in weighable 
quantities. For this reason, the elements scandium, yttrium, and lanthanum will 
first be discussed in the following pages. Actinium will then be considered by itself. 

2. Scandium (Sc); Yttrium (Y); Lanthanum (La) 

(a) Occurrence 

Scandium, yttrium and lanthanum, together with a whole series of other elements of 
very similar chemical behaviour, occur in a few minerals which are found in large 
amounts in only a few places—chiefly in the Scandinavian peninsula and also 
(in the European region) in the Urals; outside Europe there are important oc¬ 
currences in the United States, in South America (chiefly in Brazil), in India, and 
in a few districts in Australia. Scandium, yttrium, and lanthanum, together with 
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d,«.|v si.nilar demems, make up the series of Rare Earth 

y.tna earth sub-group, whereas lanthanum ox.clc belongs to the cer.tc earths. 

In addition to lanthanum oxide, the 

dyimun.. neodymium and vUerbrum earths the erbium Lrths and the 

oxides of ^^--‘d.un* ^ 3,, ,,^arkably alike chemically. 

also been found in Madagascar^Accordmg to Urba.n (.922) 

ES H 

Ihou^h in subordina.e alun, as compared with cerium, .he prmcpal ccnsU.ucn. of all 
these. 


(b) History 

In 1794, Johann Gadolin discovered a new ‘earth’ in a mineral, later 

re-named gadolimk, which had been found at Ytterby, in Sweden, m 1788^ For 
this oxide, Kkebcrg introduced the name ofyttria. Soon afterwards (1803) Klap¬ 
roth and. indepcndcmly. Berzelius isolated from another Swedish mineral yet 
another new earth, which was named cfrin. The mineral accordingly acquired the 
name of «nVr. Mosander, one of the pupils of Berzelius, subsequently succeeded m 
separating both ccria and yttria into simpler oxides. The former he resolved into 
lanthanum, cerium and didymium oxides and from the latter he separated /crAni and 
erbia retaining the name for the main constituent. Yttrium, the element 

giving rise to yttria, was first obtained in the free state {although impure) in 1828, 
by Wohler, by reduction of the chloride with metallic sodium. Lanthanum, so 
named by Mosander (after the Greek XavOavEiv, the hidden one) because it had 
been difficult to discover, for lack of specific reactions,—was isolated by the dis¬ 
coverer, by reducing the chloride with potassium. It was first obtained in large 
amounts in 1875, by Hillebrand and Norton, from the electrolysis of the molten 

chloride. 

The preparation of large amounts of lanthanum and other rare earth elements by Hillc- 
brand and Norton made it possible to determine their specific heats. These, on the basis of 
the Dulong and Petit law, decisively characterized the atomic weights and valence of the 
elements concerned. Because of similarities between their compounds and those of the 
alkaline earths and magnesium, it had been considered that the rare earth elements were 
bivalent, so that their oxides were formulated as MO. The atomic weights deduced from the 
specific heals could, however, be reconciled only with a formulation of the oxides as M,0). 
The investigations of Cleve, on the isomorphism between their salts and those of the 
trivalent elements, especially bismuth, carried out at about the same time, led to the same 
conclusion; that the elements of the rare earths are trivalent. 

The existence of an element with the properties of scandium had already been 
predicted in 1871 by Mendel^eff, from the Periodic Law. He called the expected, 
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but as yet unknown homologue of boron and aluminum eka-borori. Light years iatej 
(*879)3 Nilson separated a new oxide from Swedish gadoUnite and euxenite, and 
gave the name scandium to the element contained in it. This proved to be identical 
with the eka-boron predicted by MendeleefT. 

The agreement between the properties predicted for ekaboron and those found for 
scandium may be seen from the following comparison. 


Ekaboron Scandium 


Atomic weight about 44. 
Density greater than 3. 
Oxide EkjOs- 


Oxide, carbonate, and phosphate insoluble 
in water and alkalis. 

Sulfate sparingly soluble in water. It 
should form double sulfates not isomor- 
phous with the alums. 


.Atomic weight found 44.96. 

Density 3.1. 

Oxide ScjOj. 

Oxide, carbonate and phosphate insoluble 
in both water and alkalis. 

The sulfate is readily soluble in water, but 
not very soluble in sulfuric acid. It forms 
double sulfates not isomorphous with the 
alums. 


(c) Preparation and Properties 

Little is as yet known of the properties of scandium and yttrium in the elemen¬ 
tary state, because of the difficulty of preparing the metals pure. Lanthanum has 
been prepared in large amounts, and was first investigated by Muthmann (1902). 

Muthmann used the electrolysis of the molten chloride to prepare lanthanum and other 
metals of the rare earths. During the process of fusion, he joined the carbon electrodes by a 
thin carbon rod, which was raised to a bright white heat by the passage of current. When 
the salt had been melted thereby, the rod was knocked away, and the current passing 
through the melt then sufficed to maintain it in the molten state. This process was later 
improved, notably by Trombe (1932), especially by the addition of suitable substances 
(KCl and CaFj) which lower the melting point of the electrolyte. According to Weibke 
(*939) a current yield of 50% can be achieved by operating at 1000** with a sufficiently 
high current density. 

According to B. S. Hopkins (1933), small amounts of lanthanum can be obtained by 
electrodeposition from an ethanolic solution of LaCi, at a mercury electrode, and subse¬ 
quent thermal decomposition of the amalgam obtained. Another method (Klemm, 1937) is 
to decompose the chloride by liquid metallic potassium in an argon atmosphere. 

The so-called ‘lanthanum MischmetalL is more readily obtained than pure lanthanum. 
The preparation of this starts with the residues from the rare earths worked up for the gas 
mantle industry, omitting the difficult separation of lanthanum from its congeners. For 
many technical purposes, ‘mischmctall’ is more suitable than lathanum itself, since it is, in 
general, more reactive than the latter. 

According to Muthmann, lanthanum is a ductile metal, white on freshly 
polished surfaces, but at once showing tarnish colors when exposed to air. In dry- 
air, it becomes covered with a steel-blue coating which protects it from further 
oxidation. In moist air, it is gradually transformed into the white hydroxide. The 
density of lanthanum is 6.15, and its melting point is 826® (Kremers, 1923). Its 
hardness is rather greater than that of tin. The heat of combustion per gram atom 
is greater than that of aluminum. Lanthanum combines energetically with molten 
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, • f .Incr^beautifullv crystalline compound LaAl., which is completely 

nrricd out at a relatively low temperature. » xt »u 

‘ I uulianum also combines energetically with hydrogen. According to Mu - 
„vmn lanthanum glows with a reddish yellow light when it is heated to 240 » 

hydrogen, and forms a black product having a composition corresponding rough y 

to LaHj. 

The volume occupied by hydrogen in lanthanum hydride also agrees with that m ihwe 
hydrides as was pointed out by Biltz (.928). In these respects, therefore, lanthanum Mride 
is related directly to the alkali and alkaline earth hydrides. The composition of the P«xjuc 
obtained by saturating lanthanum with hydrogen at room temperature is close that 
reared by the formuL LaH3. Sieverts found, however, that the hydropn content o he 
preparations was dependent upon the pressure, and that 

preLurc increased with rising temperature. In contrast with Muthmann. ^ 

considers that the hydride represents a 5o/irf jo/u/ion phase. Lanthanum hydri eu y 

^clm s an interesting transition between the salt-like hydrides formed by the alkah and 
aS. car"hs mcals a"nd .he .ypical metallic hydrides with all the charac.erts.tcs ofsoltd 

solutions, such as arc formed in the Sub-groups of the Periodic System. 

rurium was described by Popp (1864). who obtained it by reducing the chloride 
with sodium, as a grey-black metallic powder, which did not become oxidized, in 
dry air but was slowly attacked by water. Kremers, who prepared it (1925) by 
electrolysis of a mixture of YCI3 and NaCl in a graphite crucible clad with molyb¬ 
denum sheet, states that it ignites at 470“ when it is heated in air. It does not burn 
with so white a light as do magnesium and aluminum, the light emitted having a 
reddish tinge. It is readily soluble in dilute acids, but is not attacked by alkaline 

solvents. . , / \ u *u 

Metallic scandium was first prepared in the pure state by Fischer (i 937 )> by the 

electrolysis of a fused mixture of KCl, LiCl, and ScClj, using molten zinc as the 
cathode. The zinc was then subsequently removed by vacuum distillation. Scan¬ 
dium is light grey, with a metallic luster; it has a density of 3.1, melts at about 
1400“, and is perceptibly volatile at that temperature. 



Gompouxids of Scandium, Yttrium, and Lanthanum 


The compounds of scandium, yttrium, and lanthanum correspond to the general 
type M^'X,, so that they are analogous in composition to the compounds of 
aluminum. In their chemical behavior, however, they are in many respects much 
closer to the compounds of the alkaline earths. Similarity to these latter increases 
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progressively from scandium to lanthanum compounds. This is apparent, for 
example, with the oxides and hydroxides which, unlike aluminum oxide, are in¬ 
soluble in caustic alkalis and have a clearly marked basic character in spite of 
their insolubility in water. The oxides MjOj, white powders, combine with water 
to form the hydroxides M(OH)j. Lanthanum oxide does this with such vigor that 
it may be slaked like quick lime. These metals abo resemble the alkaline earth 
metals in the stability of their carbonates in contact with water at ordinary 
temperature; when heated, the carbonates are readily decontposed. The sulfates 
Mj(S04)j also begin to decompose when they are ignited. Their dissociation 
pressures at 900° are: 

Scj(S04)5 11 mm, Y,(S04)j 3 nim, La2(S04)3 2 mm Hg. 

In the case of lanthanum sulfate it is difficult to achieve complete conversicjn into 
the oxide by ignition. The nitrates are easily decomposed by heating. 

The chlorides, nitrates, and acetates of scandium, yttrium, and lanthanum are 
readily soluble in water. The fluorides, carbonates, oxalates, and phosphates, as 
well as the oxides and hydroxides, are insoluble. The sulfates display a marked 
decrease of solubility from the very soluble scandium sulfate to the sparingly 
soluble lanthanum sulfate. The sulfides of scandium, yttrium, and lanthanum, like 
those of the alkaline earth metals, can be obtained only by dry methods, and are 
decomposed when they are boiled in water. Many of the salts mentioned have a 
tendency to form double or complex salts with alkali salts. Other sorts of addition 
compounds are also formed—e.g., with ammonia. These elements also have a 
marked affinity for water in their salts, as is apparent in that not merely the very 
soluble salts, but also the sparingly soluble simple salts, crystallize for the most part 
in heavily hydrated form. 

The aqueous solutions of the salts contain the colorless ions Sc*^-*’, Y + ^ * and 
La'* ++. Aqueous solutions of scandium sulfate form an exception to this rule; 
these contain predominantly complex ions, possibly [Sc(S04)3]^. 

Scandium, yttrium, and lanthanum combine with certain non-metals to form compounds 
which do not conform in composition to the ordinary valence compound type, and are 
related rather to the intermetallic compounds. Examples of such compounds arc YBg and 
LaB^; ScSi^, YSij, and LaSij; LaS2 and LaSc2 (which exist as well as La2S3 and La2Sc3; 
the only known sulfides and selenides of Sc and Y are of the type M2R3). 

Of the silicidcs, LaSij is isotypic with ThSij. YSij (and also SmSij) crystallizes in a related 
structural type. The diffraction patterns appear to indicate, however, that the crystal 
structure of ScSij is quite different (Brauer, 1952). 

(a) Oxides 

The oxides SC2O3, Y2O3, and LajOj are obtained as snow white, loose powders 
by ignition of the hydroxides, carbonates, or oxalates. Whereas scandium oxide 
obtained by ignition can be dissolved only with difficulty in cold dilute acids, 
La203 dissolves readily in acids even when it has been strongly ignited. The den¬ 
sities of the oxides, from X-ray measurements of cell dimensions, are: SCJO33.09; 
YjOj 5.01; La203 6.48. Pycnometric determinations give rather different values, 
but this may be due chiefly to impurity of the preparations investigated. 

The oxides ScjO, and YjOs crystallize in the cubic system. Their structure (ScjO, or 
MnjOj type) can be derived from that of CaF, by taking one quarter of the anions out of 



2 


SUB-GROUP 3 OF THE PERIODIC SYSTEM 

,h. crystal lattice, and displacing the rentaining ions ^ ''“™ 

the hexagonal crystal lattice, a = 3-945A, c = 6 ..5. A. shown m Ftg. 15. 

Scandium oxide (and other scandium compounds) can best be prepared pure by 
a sohint extraclim method (Fischer, ^ anorg. Chem., 249 (1 94.2), 146) • A hydrochloric 
acid solution of the crude oxide is treated with NH.SCN, and extracted with ether 
1 lie etheral solution, which contains scandium in the form of the thiocyanate, is 


Fig- 15- 



Unit cell of lanthanum oxide, LajOj, with projection of the atomic positions on 

the a-c plane. 

a — 3-945 A, c = 6.151 A, La ♦-» O = 2.43 A. 


evaporated, and the thiocyanate is decomposed by nitric acid. Scandium can then 
be precipitated in the form of hydroxide from the dilute nitrate solution. This 
procedure can be made applicable also to scandium preparations which contain 

iron. 


(b) Hydroxides 

The hydroxides Sc(OH)„ Y(OH)a La (OH) „ are obtained as sUrny white 
precipitates when solutions of the corresponding salts are precipitated with alkali 
hydroxide or ammonia. They are insoluble in excess of the precipitant, and dry in 
air to masses with the appearance of porcelain, and compositions corresponding to 
the formulas given. Lanthanum hydroxide is a fairly strong base; it absorbs CO| 
avidly from the air, and liberates NHj from ammonium salts. Yttrium hydroxide 
possesses the same properties but to a lesser degree, and the basic character of 
scandium hydroxide is much more weakly developed. The hydroxides have been 
prepared in the crystalline state by Fricke (1947-48). When they are heated, they 
first form the metahydroxidcs MO(OH); complete loss of water, forming the 
oxide, sets in only at higher temperatures. 


(c) Peroxy Gompoiinds 

If lanthanum salts are precipitated with alkali in the presence of hydrogen peroxide, a 
compound is obtained which may be regarded as a basic lanthanum salt of hydrogen 
peroxide. Neglecting its water content, its composition corresponds to the formula 
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La(OH)j • OOH (lanthanum dihydroxy hydrogen peroxide). Hydrogen peroxide is 

liberated from this by dilute sulfuric acid, or by carbonic acid. Yttrium forms an analogous 
compound. 

(d) HaUdes 

The fluorides of Sc, Y, and La are insoluble in water. The other halides are 
readily soluble in water and in alcohol. 

{i) Fluorides. Thet fluorides are thrown down as precipitates when hydrofluoric 
acid is added to solutions of the corresponding salts. Scandium fluoride has a strong 
tendency to form complex fluorides (fluoroscandates), some of which arc soluble, so 

that scandium is not precipitated from its solutions by neutral fluorides, such as 

NH4F. 

’’'-■'“"S ‘yP' but compounds of the types 

/KTU ^ rc^ Mfl^ScFJ have also been described. The soluble ammonium hexafluoroscondate. 
(NH^ialScI-e], is deposited in octahedral crystals when a neutral solution of a scandium 
sa t, treated with ammonium fluoride, is evaporated. Sc{OH), is not precipitated from 
soluuons of this complex salt by NH^ HX) even on boiling, but is precipitated by NaOH or 
KOH. The complex is also decomposed by acids. The K salt is less soluble than the NH, 
salt, and the Na salt still more sparingly soluble. Scandium fluoride, ScFs, {d = 2.5) crystallizes 
with a rhombohedral yttrium fluoride. YF, {d = 4.01) cubic, and lanthanum fluoride. 

Lai-j, {d — 4.49) hexagonal. YF, is remarkable in that it forms mixed crystals with CaFj. 
These have the fluorite structure, in %vhich the supernumerary F^ ions are distributed at 
random over the interstitial positions. The double compound NaYF,, is dimorphous. The 
high-tempYature form (^-NaYF^, d^^ = 3.87) also crystallizes with the fluorite structure 
\ = 5*45 A). In this case, the positions occupied by the metal ions are filled at random by 

Na+ and Y®+ ions. a-NaYF, = 3.87) has a more complicated crystal structure. Yttrium 
oxyfiuoride, YOF, is also dimorphous. ^-YOF, which is metastable at ordinary temperature 
(rfM = 5.18) forms a fluorite structure in which the 0 = and F- ions are statistically dis¬ 
tributed over the anionic lattice positions (a = 5.363 A), a-YOF crystallizes in a structure 
which IS related to this, but is tetragonally distorted (Hund, 1950-51). 

(») Chlorides. The chlorides can be obtained anhydrous by heating the oxides, 
mixed with carbon, in a stream of chlorine. Lanthanum chloride is more readily 
obtained by heating anhydrous lanthanum oxide with an excess of ammonium 
chloride (Hopkins and Yntema); the volatilization of excess ammonium 
chloride serves to dehydrate the lanthanum chloride without hydrolysis occurring. 
The chlorides form white, deliquescent masses, with the densities ScCl, 2.39, 
YCla 2.67, LaCIa 3.818, and melting points ScClj 960®, YClj 721®, LaCl, 862“! 
They crystallize as hydrates from aqueous solution—ScCI, and YCI3 usually with 
6 H| 0 , LaClj with 7H8O. The extent of hydrolysis in o.i-jVsolution at 14® is: for 
ScCIj 0 - 9 %) YClj 0.01%, LaCIa 0.003%. Elimination of HCl also takes place 
readily if the chlorides are dehydrated by heating them in air. This occurs especial¬ 
ly easily with scandium chloride, which is thereby converted into an insoluble 
oxychloride; this is resistant towards acids and alkalis. 

The chlorides have only a small tendency to form double chlorides with the alkali metal 
chlorides. Meyer could obtain such a double chloride, in small white crystals, only with 
cesium chloride CsgLaClg • 4H2O. The corresponding scandium compound could not be 
obtained pure because of its excessive solubility. A pyridinium double chloride of lanthanum, 
[C6H5NH]3LaClj • zCjHjOH was obtained from alcoholic solution. 

Anhydrous LaCI, crystallizes with a hexagonal structure, as also does LaBr,. Lal^ is 
orthorhombic. Melting points of the bromides and iodides are as follows:— 
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ScBrj YBrj 

960*’ 

ScBrj has a density of 3.91 


904 


LaBr, 

763' 


Scl 


945 


YI, 

1000' 


Lai, 

761" 


(e) Nitrates 

Scandium ni„au cr>stalliz.3 when a solution ofSeCOH), in dilute nitric acid ■> evapwated 
A jK.' water bath and cooled. It forms colorless, prismatic, very deliquescent 

cr”>Tals of the composition Sc(NO,), • 4H,0, ^nd can be dehydrat^ by heaUng it on a 

water bath On heating somewhat more strongly, N, 0 , is elmmnated in sUgra, ^nd ‘he 
water bath^ fNO i • H ,0 and ScO(NO,) are formed. The pure oxide is obtained 

"■’r/Mtim and n.Vra/rs crystallize as the hexahydrates. in large deliquescent prisms 

They arc also very soluble in water and alcohol. When they arc 

obtained, and then the oxides. Lanthanum nitrate forms well crystalliz^ Th. .r^mnniu™ 
type M',[La(NO,)4] with magnesium nitrate, and with alkali nitratM. The ammonium 
double nitrate, (NH,).tLa(NO,),] • 4H,0 is very suitable for purifying lanthanum by 

fractional crystallization. 


(f) Sulfates 

When a solution of scandium hydroxide or carbonate in dilute sulfuric acid is eva^ral^ 
to a syrupy consistency, scandium sulfaU separates out on standing for some hours in the cold, 
as colorless crystals of the hexahydrate. Sc,(SO,), • 6 H, 0 . This compound is insoluble in 
absolute alcohol, but very soluble in water, (80 g of Sc,(SO,), in 100 g of waterat 12 , 
according to Crookes, 39.9 g in 100 g of water at 25" according to Wirth), and quite 
soluble in aqueous alcohol. It is not very soluble, however, in concentrated sulfunc acid. 

1 molecule of water is lost on exposure to air, leaving Sc,(SO,), • 5H,0, which is stable in 
contact with the solution at 25®. The anhydrous sulfate can be obtained by heating to 250 . 
Loss of SO„ with the formation of a basic salt Sc, 0 (S 0 ,)„ sets in at a dull red heat. The 
pure oxide is obtained by ignition at a full yellow heat. 

With the alkali sulfates, scandium sulfate forms complex salts—M‘[Sc(bO,),], 
Mi^[Sc,(SO,),] and M',(Sc (SO,),]. Solutions of the neutral sulfate also contain the scan¬ 
dium for the most part in the form of the complex ions corresponding to th«c salts. This 
follows from the abnormal analytical reactions of the sulfate solutions, from which scandium 
is only incompletely or slowly precipitated by the precipitants which are otherwise charac¬ 
teristic—c.g., sodium thiosulfate or oxalic acid. The comparatively low conductivity of the 
solutions is also indicative of auto-complex formation. Transport experiments have, in fact, 
shown that in solutions of its sulfate scandium migrates to a considerable extent towards the 
anode (Meyer). The complex acid H,[Sc(SO,),] separates out from the solution of scan¬ 
dium sulfate in concentrated sulfuric acid. 

Yttrium sulfaU crystallizes from solutions of the oxide in sulfuric acid in colorless mono¬ 
clinic crystals of the octahydrate, Y,(SO,), • 8 H, 0 , which is only moderately soluble. The 
solubility at 16® is 7.47 g and at 95°, 1.99 g of Y,(SO,), in loog of water. It can easily be 
dehydrated to the anhydrous salt, Y,(SO,)„ a white powder of density 2.52. The complex 
acid H,[Y(SO,),) crystallizes from concentrated sulfuric acid solutions. Ck>mplcx salts— 
e.g., (NH,),[Y,(SO,),], K,[Y,(SO,),], K,[Y,(SO,),]—separate from mixed solutions of 
yttrium- and alkali sulfates. 

Lanthanum sulfate generally forms an enneahydrate, La,(SO,), • 9H,0, which b even 
less soluble than the hydrated sulfate of yttrium. Its solubility is: at o® 3.0 g, at 14® 2.6 g, 
and at 100® 0.7 g of La,(SO,), in 100 g of water. The anhydrous salt, a white hygroscopic 
powder of density 3.6, dissolves copiously in water, however, but as soon as the solution is 
warmed a little, the sparingly soluble hydrate separates out. Other hydrates of lanthanum 
sulfate have been obtained, in addition to the enneahydrate, but are stable only under 
certain conditions. Lanthanum sulfate forms double salts with the alkali sulfates, most of 
them being very sparingly soluble, especially when the alkali sulfates are present in excess. 
These are mostly of the types M'[La(SO,),] and M',[La(SO,),]. The acid H,[La(SO,),], 
corresponding to the latter type, has also been obtained. 
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(g) Carbonates 

The neutral carbonates of Sc, Y, and La arc obtained by precipitation from the appropri¬ 
ate solutions with alkali carbonate in the cold. If precipitation is carried out in hot Solution, 
precipitates contaminated with basic salt arc obtained. The neutral carbonates are hvdrati cl 
Scandium carbonaU, is relatively easily soluble in an excess of alkali 

carbonate solution. Titnum carbonate. \\{CO,), ■ 3H,0. is also soluble in excess of alkali 
carbonate, and double salts of the type M'[Y(C03),) (+ crystal water) can be obtained 
from the solutions carbonate. La.(CO)3 • 8 H, 0 . occurs native as the rhombic 

lanthanUe. T\\i% carbonate ls also soluble in concentrated alkali carbonate, and on diluting 
the solution cr^talline double carbonates-e.g., KfLafCO,),] • 6 H, 0 -scparaie. The 
carbonates lose COj when heated, being converted first into basic carbonates, and then, 
on Ignition, into the oxides. Loss of CO. from scandium carbonate occurs so readily that it 
cannot be thermally dehydrated without loss of CO.. 

(h) Acetates 

1 he acetates of Sc Y, La, obtained by the action of acetic acid on the several hydroxides 

or carbonates, are all quite soluble. Ammonia precipitates basic acetates from the solutions. 

and if the precipitatimi is earned out cautiously these may be obtained in colloidal form as 

pis, or a so as sols. Basic lanthanum acetate, prepared in this way, has the property of 

turning blue with iodine. This is due to the formation of an adsorption product, analogous 
to the lodme-starch complex.* ^ 

(i) Oxalates 

The palates pp, Y. and La arc precipitated by adding oxalic acid to neutral or weakly 
ac.dplut.ons of the corresponding salts. The oxalates are formed as cheesy precipitates 

the compositions Sc^(C,0,), • 

^2(^204)3 • 9H2O, Laj(C204)3 • 10H2O. Their solubility in water decreases from scandium 
to lanthanum palate, and amounts to 0.20 mg of anhydrous salt in 100 g of water at 2^, 
in the case of the latter. The solubility is much greater in dilute strong acids—e.g.. 100 ml 
of i-A sulfurp acid at 25 dissolves 115 mg of scandium oxalate, i 73 mgof yttrium oxalate, 
or 398 mg of lanthanum oxalate. The solubility in concentrated alkali oxalate solutions is 
xo Scandium oxalate is the most soluble in these, and double salts of the type 

M 3lbc(C204),J • 5H2O separate on cooling. Yttrium oxalate is less soluble, but also forms 
complexes e.g.. Kj[Y(C204)3) . 9H2O. No oxalato-complexes of lanthanum are known- 
It therefore dissolves but little in hot ammonium oxalate solution, and separates unchanged 
on cooling. The differing solubility of the oxalates in a hot saturated solution of ammonium 
oxalate provides an important means of separating the rare earths from one another 


4. Analytical (Scandium, Yttrium, Lanthanum) 

Scandium, yttrium, and lanthanum can be precipitated from strongly acid 
solutions by means of oxalic acid. They share this property with the other elements 
belonging to the rare earth group, and with thorium, but differ thereby from 
aluminum and from the alkaline earth metals which they otherwise resemble. 

Scandium differs from its heavier homologues (and from all the other rare earths) in 
being precipitated by thiosulfate, a reaction due to the formation of an insoluble basic salt by 

* It is not merely the colloidal character of the basic lanthanum acetate or starch that 
determines the formation of the blue adsorption product. This seems to be associated with 
some special atomic grouping present in these and other substances which give blue 
colorations with iodine. Thus other colloidal lanthanum salts do not give the coloration- 
even lanthanum salts of other organic acids (with the exception of the propionate). The 
elements praseodymium and neodymium, neighbors of lanthanum in the Periodic System, 
behave like lanthanum in this respect. 



SUB-GROUP 3 OF THE PERIODIC SYSTEM a 

fc- L* sf^DsrsiCcd frorn the other r^re earths* 

ntm .hlccyanafe solution by means of ether (FUcher. .94a. see above) affords a better 

:EH;i 

active basic acetate affords a fairly characteristic reaction for the 
In practice, however, the problem is invariably not merely to 
elements from each other, but from the whole group of other rare earths, and often from 
thorium as well. 1 he methods required for this will be discussed later in this volume. 


5. Actinium (Ac) 

Actinium occurs in very minute amounts in uranium ores, their actinium content 
being only about 0.15 mg per ton, or '/soo of the radium content. Actinium was 
discovered by Dcbicrne in pitchblende residues. It is obtained from these by 
working them up for the rare earths, and especially for lanthanum, with which 
actinium associates itself and from which it has only recently been possible to 
separate it by ion exchange methods, or by selective solvent extraction. Prior to 
1950, the most concentrated actinium preparations contained about i to 2% of 
AcjOj in LaaO, (Percy, 1946). It is very similar to lanthanum in its reactions, but 

is even more strongly electropositive. 

Actinium is radioactive. It disintegrates, first emitting a / 3 -ray of very low energy, 
to form radioactinium (RdAc), which* in turn disintegrates by emission of an 
a-particle, forming actinium X, an isotope of radium. Actinium X (“*Ra) dis¬ 
integrates in the same manner as radium, first forming a gaseous disintegration 
product, {actinium emanation, AcEm, actinon), from which solid radioactive products 
(AcA, AcB, etc.) are deposited. Owing to the softness of the ^-rays from actinium 
itself, its radioactivity is usually measured by allowing these a-particlc emitting 
products to grow. With actinium C, as with radium C, a branching of the dis¬ 
integration series takes place, but the two branches ultimately lead to a common 
final decay product, AcD. Actinium is not really the first member of this decay 
series, but is in it^ turn generated by the radioactive decay of an isotope of uranium, 
actinouranium, ***U. Uranium T and protactinium occur thereby as intermediate 
products and actinium is formed by the a-particle decay of the latter. Since protac¬ 
tinium has the atomic weight 231, it follows from the theory of radioactive dis¬ 
integration that the atomic weight of actinium—which it has not yet been possible 
to determine directly—should hypothetically be 227. 

Pure actinium preparations can now be more conveniently prepared by nuclear 
transmutation from radium, in the atomic pile, than from natural sources. Hage- 
mann {J. Am. Chem. Soe. 72 (1950), 768) has described the preparadonof 1.3 mg of 
pure aednium in this way, from i g of radium in the form of RaBr^. The nuclear 
reaction involved may be written as 

■**Ra + neutron -► “Tla -► •*’Ac -|- ^-pardcle. 

* As already mendoned, some other substances also give a blue coloradon with iodine— 
viz., basic praseodymium acetate and various organic substances. Basic neodymiiun acetate 
gives a violet color with iodine. 
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The actinium was quantitatively separated from radium by formation of its inner 
complexsalt with thenoyltrifluoroacetone (C,H,S • CO • CH* • CO • CFj, ‘T.T.A ’) 
which is soluble in organic solvents. ‘ ‘ ’ 

The position of actinium in the Periodic System follows not only from its close analoRy 
^ lanthanum m pneral chernical behavior, but especially from its observed trivalcncc 
This was established by von Hevesy, by determining the diffusion constant of the ion 
According to Nernst, there is a simple relationship connecting the diffusion constant of a 
^It, the electrolync mobility of its 10ns. and their valence. Since the mobilities for elementary 
10m (except for H and Li+) vary only within rather narrow limits, it is possible from the 
diffusion coefficient to draw some conclusions about the valence. Von Hevesy was able to 
determine the valence of a considerable number of radioelemenis by this means. 


6, Compounds o£ Actmium 


Compoun^ of actinium prepared in the pure state (on a microgram scale) include the 
following. (These are all isotypic with the corresponding compounds of lanthanum.) 

Hal^. AcF, (hcxapnal, a = 4.57, c = 7.53 A; for LaF. a = 4.14, c = 7.306 A) is 
uo^ic witl^ LaF. the rare earth fluorides, UF,. NpF,, and PuF, AcCI, (hexagonal. 

P r '*■^5 LaCl, a = 7.468, c = 4.366 A), isotypic with UC 1 „ NpCI,, 

Pua„ and the rare earth meta chlorides. AcOF (cubic, CaF.-type structure, a L 5.93 A 

for LaOF a = 5.76 A). AcOCI (tetragonal, PbClF structure, a = 4.07, c = 7.07 A®ffo 
LaOGI a = 4.113, c = 6.871 A). 1 > 


Oxide. AcjO, (hexagonal, a = 4.07A. c = 6.29 A) is isotypic with LajO,. 

Sulfide- AcjS, (cubic, Ce,S, structure, a = 8.97 A; for La^Sj .2 = 8.706 A). (See Fried, 
Hagemann and Zachariasen, jf. Am. Chem. Soc., 72 (1950), 771.) 



CHAPTER 3 


FOURTH SUB-GROUP OF THE PERIODIC SYSTEM: 

titanium, zirconium, hafnium, and thorium 


Atomic 

numbers 

Elements Symbols 

Atomic 

weights 

Densi 

ties 

22 

Titanium 

Ti 

47-90 

4-49 

40 

Zirconium 

Zr 

91.22 

6.52 

72 

Hafnium 

Hf 

178-50 

i 3 - 3 » 

90 

Thorium 

Th 

232.05 

11.71 


Melting 

points 

Boiling 

points 

Specific 

heats 

Valence 

states 

1725'' 

3260® 

0.113 

II, III, IV 

2100'’ 

about 3600® 

0.068 

II, III, IV 

2300® 

about 5200® 

0.0341 

IV 

1800® 

about 4200® 

0.034? 

III, IV 


I. Introduction 


(a) General [/] 

The elements of Group IVB of the Periodic System—titanium, zirconium, haf¬ 
nium, and thorium—closely resemble the Sub-group 111 elements of the same scries 
—scandium, yttrium, lanthanum, and actinium—except that they are commonly 
quadrivalent. 

The elements of the I Vth Sub-group are also closely allied in many respects to 
the elements of the I Vth Main Group. They differ from them in that (like all ele¬ 
ments of the Sub-groups) they never function as the electronegative constituents 
of compounds. (An exception to this statement is found with rhenium, which may 
exist as a uninegative ion.) 

Except for titanium, which is fairly easily reducible to compounds derived from 
lower valence states, the elements of the IVth Sub-group are almost exclusively 
tetrapositive in their compounds. In Sub-group IVB there is no tendency for the 
elements of higher atomic weight to behave as dipositive, as is found in the IVth 
Main Group. 

The elements of Sub-group IV all form solid, very non-volatile and very insoluble 
oxides, and, unlike the corresponding compounds of the Main Group, can readily 
react with hydrogen peroxide, with the formation of peroxides or other peroxy 
compounds notable for their relatively great stability. 

Compounds of the lower valence states of titanium are the first encountered in 
the series of the elements in which colored elementary electrolytic ions are present. The 
ability to form colored elementary electrolytic ions persists through the subsequent 
Sub-groups, and disappears just before the Sub-groups merge with the Main 
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Groups again, i.e., in the second Sub-group. .\one of tfie elements of the Nfain 
Groups of the Periodic System can form colored elementary electrolytic ions. 

The elements of Sub-group I\- difTer sharply from those of the I\’th Main 
Group in their behavior towards hydrogen, but fairly closely resemble the ele¬ 
ments of Sub-group III (scandium, yttrium, lanthanum), in that the\' are al)le 
to absorb considerable quantities of hydrogen. The amounts absorbed depetid 
upon temperature and pressure. 

Titanium and zirconium at ordinary temperature can absorb up to 2, and thorium more 
than 3 gram atoms of hydrogen per gram atom of metal. With increase of temperature, the 
ability to combine with hydrogen diminishes. .Xbovc looo^ the amount of hydrogen ab¬ 
sorbed is approximately proportional to the square root of th<' hydrogen pressure. This 
indicates that hydrogen is dissolved in the metal under these conditions in the atomic form. 
With decreasing temperature, the relation between hydrogen uptake and jjressurc clianges. 
This is connected with the fact revealed by X-ray investigations (Hagg. 1931), that hydrogen 
atoms are merely incorporated in the almost unaltered metallic lattice as long as the amount 
absorbed is small, whereas in the uptake of larger quantities of hydrogen, phases arc formed 
with a different crystal structure, having the nature of non-Daltonidc compounds. Tita¬ 
nium, for example, takes up 33 atom-^o of hydrogen in solid solution. With higher hydrogen 
contents a new phase appears, with a homogeneity range between 50 and 66.7 atom-‘'„"H. 
It has a face-centered cubic structure, within which the H atoms arc probably arranged 
like the F-ions in the fluorite structure (cf. \'ol. I). The lattice points at the disposal of the 
H atoms need not all be occupied, but at least half of them must be. The composition of the 
compound can vary, accordingly, between the limits TiH, and TiH. The apparent radius 
of the H atoms in the structures of the metal hydrides of the IVth Sub-group is 0.45 A. 

The structures of ThHg and of ZrH, have been determined by the method of neulron 
diffraction, which is the only diffraction technique which enables the positions of hydrogen 
atoms to be determined in the presence of heav'y atoms. These compounds form body- 
centered tetragonal structures (for ThHj a = 4.10 A, c = 5.03 A; for ZrHj d = 3.52 A, c = 
4.449 A), which are related to the cubic fluorite structure. Ever>’ metal atom is surrounded 
by 8 H atoms and each H atom by a flattened tetrahedron of metal atoms (Th—H = 
2.41 A), and it is considered that there are also metallic bonds between each Th (or Zr) 
atom and the nearest metal atoms around it. 

The question formerly posed, whether metallic hydrides of this type were ‘solid solutions’ 
or ‘compounds’ is thus explained in that the quantity of hydrogen taken up determines 
whether only a solid solution or a compound is formed. 

Among the oxides of the metals of Group IVB, titanium dioxide is more acidic 
than basic; zirconium and hafnium dioxides are more basic than acidic, whereas 
thorium dioxide is purely basic in character. The basic character of the oxides (or 
of the hydroxides corresponding to them) thus increases with increasing atomic 
weight within the group, in conformity with the general rule. 

The }ua(s of formation of the dioxides of the Group IVB are larger than those of the 
dioxides of the IVth Main Group—in some cases quite considerably so. Table 6 shows the 
heats of formation of some simple compounds of the metals of the Group IV’B. 

TABLE 6 

HEATS OF FORMATION OF COMPOUNDS OF GROUP tVB METALS 


(kcal per g-equivalent of metal) 


TiOj] Rutile 

55-7 

TiCU liq. 46.5 

[TiN] 

26.8 

[TiC] 

28? 

ZrOj monocl. 

64-5 


[ZrN] 

27.4 

[ZrC] 

I 1.2 

[HfOj monocl. 

67-9 

- - 

- - 




[ThOj] cub. 

73-2 

I ■■ ■ 

[Th3N,] 

26.0 

[ThCJ 

11*4 
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NaCI (a = 4 4U A)\nd also HfN. ThO^ crystallizes in the 

4.(,H7 A). ZrN {a - 4 _ ^p^rO^ald HfO, also cr>'stallizc with this structure when they 

frr: rr;a :rnptYB«’ist^p: 6 ,,M,,.,“s.ruc.ure, 

ir'Ys) have bc/n c.ab„sheci forJ.S (. =^ 3-40 A.^c = 5 - 6^9 AK T^Se.^(« - T 53 A, 

c_ 6 .ooA). lifcjCd TiSc*and TiTe crystallize with the NiAs 

(-i ^ 79 A._f -J i ^)- ^ ^ ^ _ g A respectively). This structure 

Inrtal'tlm which <lim-rentiates the NiAs type structure (Fig. 43) from the brucite type 
".nllrc (Fig 6., Vol. I). The halides of the IVth Sub-group elements mostly possess 

molecular crystal lattices. 


In many respect the relationship between titanium, especially m its trivalent 
state, and aluminum, standing in the preceding series of Group III, is closer than 
that between scandium and aluminum. Thus the Ti>* ion has the same ability to 
form alums as has the Al> ► ion. The chemistry of chromium and of iron also dis¬ 
play analogies with the chemistry of titanium. In the quadrivalent state, titanmm 
occupies a position roughly intermediate between aluminum and silicon. It differs 
from both, however, in having yet more strongly marked tendency to form double- 
and complex compounds. This tendency is altogether stronger among the elements 
of the Sub-groups than in those of the Main Groups. 


From the standpoint of atomic structure, the fact that the normal and also the maximum 
valence of titanium, zirconium and thorium is four is a consequence of their position relative 
to the preceding inert gases argon, krypton, and radon. These elements attain the electron- 
number of these inert gases by losing four electrons. Since the inert gas structures represent 
particularly stable electron configurations, the loss of more than four electrons (resulting in a 
valence higher than four) is not possible. These elements cannot assume a negative charge, 
according to the Kossel-Lewis theory, because the nearest following inert gases have 
electronic configurations which could not be built up by accepting a small number of 

electrons. u r 

Hafnium, unlike the Group IVB metals just considered, is separated by rnore than lour 

places from xenon, the inert gas preceding it. However, even before hafnium was dis¬ 
covered, it had been deduced from the Bohr theory of atomic structure that itsoutershcU 
must be built up in the same way as that of tiunium, zirconium, and thorium, so that 
hafnium must also normally be a quadrivalent element. 

With titanium and zirconium, the term analysis of the spectra furnishes us wiA evidence 
as to the structure of the atoms, based immediately on experimental data. It is thereby 
possible to state how the igih electron in titanium and the 37th electron in zirconium are 
bound, in the normal state of the atoms of these elements. The lowest teim found in the 
spectrum ascribed to Ti®* is not, as in the case of potassium and of singly ionized calcium, 
an s term (cf. Vol. I, Fig. 59, p. 252), but a d term. This implies (cf. Vol. I, p. 117) that in 
the state of lowest energy' the electron circulating round theTi** core (i.e. the 19th electron) 
occupies an orbit with the subsidiary quantum number I = 2—in this case a 3^ orbit. 
Wc also know from the term analysis that the 20th electron of the titanium atom, in the 
normal state, occupies a 3d orbit. The 21st, and also the 22nd electrons, on the other hand, 
arc bound in 44 orbits. With zirconium the 37th, 38th and 39*b electrons are bound in 
orbits; only one, the 40th electron, here occupies a 54 orbit. As can be seen from Table 7, 
the energies to be expended for ionization of the valence electrons are smaller for the ele¬ 
ments of the Group IVB than for those of the IVth Main Group. The elements of the Sub¬ 
group consequently are more strongly electropositive than the elements of the Main Group. 
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TABLE 7 

IONIZATION ENERGIES FOR GROUP IV ELEMENTS 

(in kcal per g atom) 







IVth Main Group 


IVth Sub-Group 






c 

Si 

Ge 

Sn 

Pb 

Ti 

Zr Hf 

ih 

M 


M'+ + 

e 

258.1 

186.2 

186.4 

168.2 

170.1 

136.9 

>59-.3 — 




+ 

€ 

559-» 

374-7 

366 

334-6 

344-8 

3>3 

322.0 341 




+ 

€ 

1097-9 

768.1 

786 

702.7 

735-4 

636 

553-« — 

1. 



+ 

e 

1478.9 


1049 

933 

968 

992.4 

779 — 

678 

Total 












M 

-> 

+ 


3394-0 

2364.2 

2387 

2138 

2218 

2098 

1814 — 



(b) Crystal Structure of the Metals 

In the elementary state, and at ordinary temperature, titanium, zirconium, and hafnium 
form cr>stal lattices of the magnesium type {hexagonal closest packing). The edge lengths 
for the unit cells arc. for Ti a = 2.95. c = 4.69 A, for Zr = 3.23! c = 5.14 lor Hf 
a = 3.32. c = 5.46 A. Thorium, like lead, crystallizes in the face-centered cubic structure 
(cubic closest packing), a = 3.12 A. 

Above 885 , titanium changes into a body-centered cubic modification (« = 3.3 .\). 
Zirconium undergoes the same transformation at 862' (a = 3.61 A at 863 ). 

The apparent atomic and ionic radii of the elements of the I\’ih Sub-group are collected 
in Table 8; the ionic radii apply to the quadri\’alent ions, M**. 


TABLE 8 

APPARENT ATOMIC AND IONIC RADII OF GROUP IV‘B ELEMENTS 


Element 

Titanium 

Zirconium 

Hafnium 

Thorium 

Atomic radius, A 

>•49 

1.58 

1-57 

1.82 

Ionic radius, A 

0.64 

0.87 

• 

CO 

• 

0 

1 

1.10 


(c) Alloys 

In the liquid state, the metals of the IVth Sub-group are apparently good sol¬ 
vents for other metals, and therefore form alloys. The preparation and the inetallo- 
graphic investigation of these alloys is rendered difficult, however, by the high 
melting points of the metals and by their great reactivity—e.g., with nitrogen and 
carbon. Our knowledge of alloys of the metals of Group IVB (cf. Table 9), 
is, accordingly, still very fragmentary. In many cases it is merely known that 
alloys are formed, without more precise knowledge of their character. Even in the 
cases in which statements arc made in Table 9 about miscibility, on the basis of 
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n,cuMographic 

only \er> incomp y. P tendency to form mixed crystals but 

w»k o^,, .. i .—,h „ 

IfK. '.un,berof compounds svhich are formed with any g.ven metal . tnvanably 


sni 


all. 


Apparently no compounds arc for-d wide the a,ka^ thtir^hatid'm 

";.tn;^rrrrrr.h^;p^r:^r R^elllXs ^ metau. in so far as 

studies of the relevant V/'f,' "efc'nlc may be made to the compounds 

p\“‘T'‘'BTand r^p'T'd-T^ti e the high temperature modification) forms a complete 
It.Pb, Ii.B. and l,,Pt. d U 8 and VV. u-Ti, however, can incorporate these 

mSs ■nT'^o'smrraui^^lly to a ver; hmited extent. It has also been found that there is 
coinpU u- misc 7 bility with Zr and Hf only above the transition temperature . 

A few non-metalLre also included in Table 9. as well as the The 

form compounds of quasi-metallic type with the metals of Sub-group IV. The 
type MN Lo display pronouncedly metallic properties. Like the borides of the ^ 

the carbides of the Type MC of this group, they possess metallic conductivity, and indeed 

these nitrides and borides are considerably better conductors than the '"^^T.-ments 

data of Tabic 10 show. In Table 10 arc included the corresponding compounds of clement 

of Group VB which likewise possess metallic conductivity. 


TABLE 9 

MISCIBILITY AND COMPOUND FORMATION OF CROUP IVB METALS 
WITH OTHER METALS AND SOME NON-METALS 


Main Groups 


■■■■■ 

Be 

B 

A 1 

c 

Si 

Sn 

P 

Sb 

s 

1 

Ti i 

1 

1 

1 

BcjTi 

s > 0 

TiB 

TiBj 

s 0? 
AljTi 

1355 * 

AlTi 

s> 0 
TijC? 
TiC 

3450 * 

r > 0 

Ti.Si 

TijSi,? 

; TiSi, 

1760® 

Alloy 

TijP 

TiP 

1 

Ti4Sb 

TiSb 

TiSb, 

TiaS 

TiS 

TiaS, 

TiS, 

TiS, 

1 

1 

Zr 

— 

ZrB 

1 ZrBa 

r > 0 
Compnds 

ZrC 

ZrC,? 

ZrSi, 

1 

1 

1 

1 

ZrP 

ZrPj 

1 

ZrS, 

Th 

1 

( 

1 

1 1 
1 

1 

1 

ThB, 

ThB, 

s 0? 

AlaTh* : 
880® 

ThC 

a6a5* 

ThCj 

2655° 

ThSia 


ThP 

Th,P, 

! 

1 

1 

ThS 

Th,S, 

ThS, 

Th,S, 
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IM RODUCI lox 
lABLE 9 


Sub-grou|>s 


1 Cr 

Mn 

1 

Fe 

' Co 

Ni 

Cu 


All 

Zn 

Hg 


1 

S 00 

1 

t 

s> 0 


s > 0 

1 

s > 0 

liq 0 

liq 0 

1 


Ti 

Cr,Ti f]: 
iCr3TiJ]: 

} 

1 

’Mn^Ti 

’MnTia 

1 

Fc3Ti 

Fe.Ti 

'CojTi 
' CoTi 
.CoTi^ 

NijTi 

'i 7 B 

NiTi 

Cu^Ti 

Cull 

Cu,Ti,? 

1 s 0 

1 

1 3 > 0 
AueTi 
Au2Ti 
AuTi, 

1 

1 c c 

N N 

i Alloy 




j 1530^ 


NiTi. 





1 



—— 

ii FcTi 


i()6o 

Cutij 




> 



Mo,Wi 

^ FeTi^ 

1 





! 

1 

1 

1 N 

1 

ZrCrj 

1 

MoaZr 
W^Zr , 

; J > ol 

FcaZr,! 

1 1 


s > 0 
Ni,Zr 
i NiaZr 

1 

' i > 0 
; CujZr 

\ 

Compnds 

> 

> • 

: Alloy 

1 

1 _ 

1 

.\Iloy 

Th 

1 

1 

1 

M 

I 1 

II 

• 1 

1 

1 

1 


i > 0 1 

Ni,Th(J 

1 

1 

f — 0 t 
Ag,Th 

1 1 

1 

1 tiq > 0 


f 

1 



« 33 o' j 

1 

Ag.Thj , 

1 

1 

> 



1 




NijTh 


I i 

1 



1 





1530 



i 

1 




1 


1 

NijThj?' 

. 


* 

r 

1 


1 

1 


1 

1 


NiTh ! 

1 


1 



1 


1 

1 

1 

( 

1 ^(>0' 



jl 

1 



1 


t 


1 

NiTh.[] 



\ 

j 



1 

% 

1 


j 


1050* 1 







MEANING OF SYMBOLS 

Italicized data refer to miscibility, symbols in ordinary type show the compounds formed. 

Miscibility oo complete 

< oo restricted miscibility 

> o very slight miscibility 

o no detectable miscibility. 

Where data are given for the solid state only, miscibility in the liquid state is generally 
complete. 

Compound formation o no compounds formed. 

— phase diagram not known or incompletely known. 

Melting points or temperatures of decomposition are given immediately below the 
formulas to which they refer. 

Compounds marked ♦ melt incongruently. Compounds marked [] are formed by a 
reaction taking place in the solid state or (in less common instances) from mixed crystals 
formed primarily, or by structural transformation taking place without change of compo¬ 
sition (cf. pp. 15, 339). Superstructure phases are indicated by enclosing their formulas in 
square brackets. Temperatures given for such compounds are temperatures of transition 
from the ordered to the disordered atomic distribution, or the temperatures at which the 
characteristic X-ray diffraction pattern of the superstructure phase vanishes. 
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FABLE lO 


A N I) 
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6.7 - 10* 
0.74 - lO* 


1.0 10 ' 


2. Titanium (Ti) 


(a) Occurrence 

[ itai.iutn exists in Nature chiefly as the dioxide, TiO., which occurs in different 
iiuKlilications—usuallv as rutiU, less commonly as anatase and brookite. Naturally 
utcui liny titanium dioxide is generally more or less contaminated with iron oxide; 
iron ores likewise often contain considerable quantities of titanium dioxide. A 
compound of the oxides of titanium and iron also occurs, however, as a definite 
mineral—titanilerous ironstone or ilmeuite FeliOj. Perowskite, a calcium titanate 
C:a l iOj, and titariile or spfinit', a calcium titanoxysilicate CaTiO[SiO^) may also 
Ik- mentioned. I itanium dioxide also very frequently occurs in combination with 
the rare cartlis. It is very widespread in small amounts, so that almost every soil 
contains detectable amounts of titanium (over on the average). 


(b) History 

l itanium was first discovered in the form of the dioxide. Gregor, in England, found in a 
Cornish iron sand, menaccanite, the oxide of a new element, in 1789. Kirwan first called 
this ‘mcnachine’. Klaproth, in 1795, quite independently discovered that rutile was the 
oxide of a new metal, which he named titanium after the minor planet then newly dis¬ 
covered. He soon recognized that the metal discovered by Gregor in menaccariite was 
identical with that found by him. In 1822 Wollaston found the metallic-looking titanium 
carbo-nitride in blast furnace slag, and mistook this for the pure metal. This erroneous 
view was generally accepted, and persisted for a long lime, even though shortly afterwards 
(in *825) Berzelius succeeded in preparing the true elementary titanium, (though not in a 
pure slate), by reduction of potassium fluorotitanate with sodium. Even Berzelius did not 
doubt that the blast-furnace titanium of Wollaston was pure, crystalline titanium; he called 
his own product ‘amorphous titanium’. Wohler, however, in 1849, proved by their com¬ 
bustion in a stream of chlorine that the blast-furnace crystals were those of a compound of 
titanium with carbon and nitrogen, with the composition Ti5CN4. 


(c) Preparation 

On account of the great affinity of titanium, not only for the reducing agents 
usual in metallurgy, such as carbon and aluminum, but also for relatively inert 
gases such as nitrogen, it is impossible to prepare the metal in the pure state by 
the older methods. It has been achieved only in recent times by the thermal de¬ 
composition of thorium tetraiodide by the ‘filament’ method described under zir¬ 
conium (p. 65-6). This process is still in use for the preparation of titanium of a 
specially high degree of purity. 
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Almost pure titanium was oljtained for the first time by Hunter 


hca.ing a .„ix,..e of .,.anu.,n .enacworidc a^d i^^amc; i;:: sie:;';:;,.';; 


fiCl, ■ 4 .\a - 4 \aC:i 



Accordini,^ to Billy (1921), 
hvdride is more suitable; 


the reaction of titanium tetrarhl»)ricle wit)i sodium 


I iCb -I- 4\aH = Ti — 4\aCl r 

the metal is freed from absorbed hydrogen by heating in vacuum to 800'’. A process 

for preparing titanium by the reduction of titanium dioxide by metallic calcium 

has been described by Kroll (1937). The metal obtained in this way can be worked 

when hot, but displays cold-brittleness on account of its content of titanium 
monoxide, TiO. 

In the United States, pure titanium is now prepared industrially cliieHv by the 
Kroll process. This involves the reduction of titanium tetrachloride witli molten 
magnesium at about 850° in steel reaction vessels, using helium or argon as a 
protective atmosphere. The metallic sponge which is first obtained is melted down 
under argon in an electric arc. It is possible to produce compact blocks 6 m long 
and 14 cm in diameter by this means. 


A modification of the Kroll process is that developed by Madde and Eastwood of the 
Batclle Memorial Institute (1950). The reduction furnace is combined with the remeliing 
furnace in this form of the process, so as to obtain compact titanium in a single operation. 
Molten magnesium is first pumped into an electrically heated vessel, from which it is 
transferred under a pressure of argon into the steel reduction chamber. TiCl^ vapor is 
forced into the reduction chamber from a second storage vessel. The mixture of liquid 
MgCl2 with suspended solid Ti, formed by the reaction 


^Mguq + TiCl^gftg — Tieoiid ■+■ 2\IgCl2]iq 


flows continuously into the arc furnace. The MgClj and that portion of the Mg which has 
not reacted are there vaporized, and condense outside the furnace. The Ti fuses to a com¬ 
pact block, and as this grows by accretion of metal it is withdrawn through the base of the 

furnace. It serves also as one electrode for the arc, which isstruck between the titanium and a 
tungsten rod. 


Pure titanium has not until recently been required for technological purposes. An alloy 
of titanium with iron, ferro-titanium, melting below 1400®, with a titanium content of 
ia-25%, has hitherto generally been produced. Ferrotitanium can readily be obtained by 
reduction of mtile with carbon in the presence of iron or, if the carbon content of the alloy 
so pr^uced is considerable, by reduction with aluminum. A slight aluminum content of 
ferrotitanium is advantageous for most technical purposes. 


(d) Properties 

Titanium, in the compact state, is a metal resembling steel in appearance, 
usually hard and brittle in the cold, and only workable at a red heat. When quite 
pure, however, it possesses considerable ductility even when cold. Pure titanium 
also takes an excellent polish, and retains its brilliant luster even longer than does 
chromium. In the form of powder it is grey to black. Titanium melts at about 
* 725*’- It distils in the electric arc of the Moissan furnace, and the boiling point has 
been calculated as 3260® from the variation of the vapor pressure with temperature. 
The density of titanium is 4.49. For crystal structure see p. 47. 
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' Th. a.on,ic hca. C of .c.aU.c rcTepr^’l’^l^-rdL^g 

(KUky, .9441, and to 6.507 at 200». Between 200 andBoo uca ^ f ^ 

(o jacser and heat of the cuW modific^^^^ 

transition temperature, is .nrillesand Wheatley (1951) has a distinct maximum 

titanium in tho vapor sutc,accori.ngJoG,He 3 a^d\^^^^^^^^^ 

(C, 6.57BI at t 33 ’ „oo»K 9.708 This anomalous temperature 

^ , IQ.4 jj|(. specific magnetic susceptibility Xto + 3 - 

At low tetnperatures, titanium is fairly stable in air. Above a red heat however, 
,t burns in a stream of oxygen, with considerable evolution f ^eat, to the dto^tde 
(see p 45). It unites with nitrogen at a higher temperature (above 800 ) formtng 
a nitride Nitride, as well as oxide, is accordingly formed on heat.ng titan.um m 
air Titanium is most readily attacked by the halogens-by chlonne. for example, 
a little above 300”; by fluorine already at tso”. At higher temperature, tiUn.um 
also reacts readily with other non-metals and sorne of the 

are remarkable for the stability towards chemical reagents. The carbide TiC and 
the titattium carbonitride Ti.CN., as well as the nitr.de T.N are particularly 
worthy of note. The silicides Ti.Si and TiSi„ obtainable in the form of iron-grey 

crystals may also be mentioned. 

Hydrogen is vigorously absorbed by powdered titanium. According to Sieverts (1929);. 

1 g of titfnium can take up 407 « of hydrogen at room temperature (- '-74 g atoms o 
h/drogen per g atom of Ti; cf. p. 45); at 1000" only 66 cc. Titanium 
(up to a maximum of 15.5%) «« the absorption of hydrogen, and ^u^mes color 

alLugh it retains its metallic luster. According to Sicverts (1931). the heat 

titanium hydride amounts to 18.0 kca! per g atom of hydrogen, and so exceeds t^ heat 
of formation of sodium hydride (cf. Vol. I, p. 155 )- Ti'anium that has h^ 

stream of hydrogen catches fire in the air, and the absorbed hydrogen burns with a luminous 

Oxygen can also be taken up in titanium, in solid solution, in considerable amounts (up 
to %o atom-%). The crystal lattice thereby undergoes only a slight expansion, chiefly in 
direction of the c axis. If greater amounts of oxygen are absorbed, oxides arc formed 

(cf. Table on p. 54 )- . t j i? t'- 

Titanium alloys avidly with iron at high temperatures, forming the compound tt^Lu 

The compound of aluminum with titanium has an analogous composition, AI3T1 (lustrous, 

silver white, quadratic leaflets); it is obtainable by the alumino-thermic method. Alloys of 

titanium with other metals have as yet received relatively little study (cf. Table 9, p. 48-9) 

Titanium dissolves in acids less readily than docs iron. Thus it dissolves in dilute 
hydrochloric acid only on heating, forming the violet trichloride. It is oxidized by 
hot nitric acid to insoluble ‘b-titanic acid’, corresponding in this respect exactly 
to tin. Hydrofluoric acid is the best solvent for titanium and for titanium com¬ 
pounds that are attacked only with difficulty. 


(c) Applications [s-S] 

Titanium finds application chiefly in the form of its alloy with iron, ferrotita- 
nium, as an additive to steel. Titanium steels have notably good strength and 
elasticity; a content of less than o. i % of titanium is generally sufficient to achieve 
these properties. The action of titanium depends partly on its ability to prevent the 
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separation of oxygen and nitrogen on cooling, which leads to the formation of blow 
holes. Its use, in the form of its aluminum alloy, has accordingly been recommend¬ 
ed as an additive to copper and its alloys aUo. Its action here is analogous to that 
of phosphorus m the phosphor bronzes. The notable ability of titanium to com¬ 
bine with nitrogen and oxygen is also used to remove the last traces of gases from 
evacuated vessels (‘gettering’ of lamps, valves, etc.) 

Since It became possible to prepare pure titanium, with good cold-working pro¬ 
perties, on a large scale, the technical applications of the metal have become in¬ 
creasingly important. It furnishes alloys which almost equal stainless steel in 
strength and ductility, but have still greater corrosion resistance and are about 
40 /o lighter than steel. The production of titanium now exceeds 10 thousand tons 
per year. There is no doubt that it will become a most important material in the 
construction of aircraft, ships, automobiles, and marine machinery. 


Porous titanium and titanium carbide have been recommended as catalysts for the 

and nitrogen-oxygen compounds. They arc said to have 
high activity and long life. Titanium carbide, like molybdenum carbide, has recently 
achieved considerable imporunce through its use for the production of the so-called 
hard metals , or cutting alloys. These are produced by sintering tuanium, molybdenum or 
tungsten carbide wuh metals like cobalt or nickel. These last provide a tough matrix in 
which are embedded the carbides named, which are remarkable for their hardness The 
cu ting alloys are far more cffecient than the high speed steels (p. 268). Because of their 
outstanding resistance to abrasion they can even be used for many purposes for which it 
was formerly necessary to use diamonds. ^ h p 


Titanium salts and especially the alkali double fluorides and oxalates find appli¬ 
cation as mordants in the dyeing of textiles and leather. A solution of iron(II) and 

. . , L L ^ ^ dissolving ferrotitanium in hydrochlo- 

ric acid, has been recommended as a non-injnrious bleaching agent for silk and 
wool. 

Finely divided titanium dioxide, prepared or worked in a certain way is 
manufactured as a mineral pigment (titanium white [g]); it has better covering 
power than zinc white, and is more permanent than white lead. In combination 
with iron oxide and other oxides titanium dioxide serves for the production of 
colored glazes on porcelain and earthenware (Bunzlau earthenware). 

Titanium(III) chloride solutions have proved to be very useful in various ways as 
reducing agents in volumetric analysis. Their use does, however, necessitate working in an 
inert atmospher^ on account of the tendency of titanium{III) compounds to undergo 

auto-oxidation. TiUnium(III) chloride solutions have also been found very suitable in 
many cases for preparative purposes. 


3* Compounds of Titanium 

Titanium is usually electropositive and quadrivalent in its compounds, but may 
also function as trivalent and, in a few compounds as bivalent; the compounds of 
bivalent titanium are prepared only with difficulty, however, and are rather un¬ 
stable in aqueous solution. 

The existence of titanium(I) compounds has not been established, although 
certain observations point to their formation (e.g., the observation that there is a 
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maximum volatility in the Ti-S system at a composition corresponding roughly to 
“’Qulduiallnflitanium has a strong tendency to form 

such as [TiO,l“ (titanate ion), [TiF.]- (fluorotitanate .on) [T.Cl. (chlor.^ 

titanate ion), and [Ti(SO.),l= (sulfatotitanate ton). ^ 

from trivaicnt titanium. These are, however, not strongly complexed. they cannot 

he recrvstallizcd from pure water without undergoing decomposition. 

The soluble titanium(IV) compounds have a strong tendency to undjgo hy¬ 
drolytic decomposition. Incomplete hydrolysis may give nse to compounds of the 
Ipc TiOX. Compounds containing the radical [TiO]“ are caUed Utanyl com- 

pounds. 

The oxidation potential (referred to the 

is +0 04 volt. If a platinum foil is dipped in a solution containing equal concentrations of 

Ti>^ and Ti** ions, and combined with a normal hydrogen electrode to form a galvanic 
cell, the current therefore flows through the wire joining the 

hydrogen electrode to the platinum foil dipping in the titanium salt solution Hydrogen is 
evolved at the former, while Ti»^ ions arc oxidized to Ti** ions at the 

ions have so strong a reducing action, therefore, that in some circumstances they can evolve 

hydrogen from acfd solutions. For the couple Ti>-/Ti>+ the oxidation potemi^ 

volt, for the couple Ti*+/Ti‘^ = +o.ao volt. The normaj pot^tial of Ti in wnUct wiA 

aTi(II)saltsolutionis +1.75 volt. For the process Ti + 6F = [TiF,] 

volt; for Ti + aH.O = TiO, ^ = + 0-95 volt; and for Ti+++ + H ,0 = 

+ 2H+ + e, £* = +0.1 volt. 


SUMMARY OP THE SIMPLEST COMPOUNDS OP TITANIUM 


Fluorides 


TiF„ violet 
TiF^, white 


Chlorides 

TiCl,, black 
TiClj, violet 
TiCl|, colorless, liq. 


Bromides 

TiBr,, black 
TiBr„ black 
TiBr4 amber 


Iodides 

Tilft, black-brown 
Till, dark violet 
Till, red brotvn 


Oxides 


Sulfides 


Phosphides 


Carbides 


TiO, gold 

Ti, 0 „ violet 

TiS<|, grey 

TiS, dark brown 

Ti,P? 

TiP 

Ti,C? 

TiC, bUck 

TijO,?, dark blue 
TiO„ white 

green black — 

Nitride 


TiS„ grapUte-like 

TiN, gold 



(a) Titamam(0) Compoonds 

Compounds of bivalent titanium can be prepared by energetic reduction of titani^(IV) 
or titanium(lll) compounds. Thus titanium(II) chloride, TiClj, is produced from ti t a n iu m 
tetrachloride by means of sodium amalgam, as a black powder which is slowly decomposed 
by water with the evolution of hydrogen. Aqueous solutions which contain tit^tm(II) 
chloride (together with titanium(III) chloride) can be prepared by dissolving TiO in (old 
dilute hydrochloric acid. Ti++ ions are fairly rapidly oxidized to Ti+'*^+ ions by water at 
ordinary temperature; the solutions are much more stable at lower temperatures. In the 
pure state, TiCl, (d= 3.13) is best obtained, according to Ruff (1923), by thermal decom¬ 
position of TiClj, or by heating TiCIj with Ti shavings (Klemm, i942).TiBr| (d = 4*30 
and Til, {d = 4.99) can most conveniently be prepared by direct union of their com- 
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comDOunHyrr*‘TTH'^^^ ammonia, Schumb (1933) obtained the double 

compound TiCJj - jNH,. as a pearl grey powder which, like anhydrous TiCb, reacted with 
w ater, evolvmg hydrogen. 

thJjSrfr ""f' can be obtained by heating a mixture of TiO„ and Ti. It has 

the Naa type crystal structure, but a certain proportion of the lattice sites (distributed at 
random) IS vacant. At the one end of the homogeneity range, these vacant sites represent 

^ atoms (Ehrlich, 1939). When TiO is dissolved 
in dilute hydrochloric acid, partial oxidation occurs: 


Ti+- + 


(b) Titamuin(in) Compounds 

The titamum(HI) compounds are readily obtainable, by reducing soluble 
Utanium(I\’) compounds with zinc and acid, or electrolytically. The solutions 
contain violet colored tilaniuni(lll) ions; these have a strong (endency to revert 
to titanium(l\0 ions. Titanium(lH) salt solutions are considerably stronger 
reducing agents than stannous salt solutions (cf. their oxidation potentials). 


In the presence of acceptors, the oxidation of titanium(III) compounds by means of 
molecular oxygen consumes more oxygen than is necessary to increase their charge by one 
umt; they can thus act as ‘auto-oxidants’ (cf. auto-oxidation. Vol. I. Chap. 16). The ability 
of trivalent titanium to bring about indirect oxidation by means of atmospheric oxygen is 
so great that even water can play the part of an acceptor in the presence of titanium(III) 
compounds in alkaline solution, and is thereby converted to hydrogen peroxide. If the 
hydrogen peroxide is removed by combination with Ca(OH), immediately as it is formed 
It IS found that for each atom of Ti'n oxidized, i molecule 2 equivalent) of oxygen is 
taken up, and i molecule of HjOj is formed; ^ 


Ti(OH)j + 40, + H ,0 = Ti(OH), 

In the presence of other substances which can function as acceptors, titanium(III) com¬ 
pounds also consume 2 equivalenu instead of 1 equivalent per atom of Ti«* in their 
oxidauon by molecular oxygen. In the oxidation with chromic acid or permanganate as 
much as 3 equivalents instead of i equivalent of oxygen may be taken up. 

(0 Titamumill!) halides: Acidotitanales{I/I). Anhydrouz thanium{Ul) chloride 

IS obtained as a violet powder by passing the vapor of titanium tetrachloride, 

mixed with much hydrogen, through a red hot tube—best in a ‘hot and cold tube’ 

arrangement, according to the method of St. Claire-Deville. When it is heated in 

hydrogen to about 700® it decomposes into TiCIj and TiCl,. Titanium{III) 

chloride is obtained in solution by reducing a solution of titanium(IV) salt in 

hydrochloric acid by means of zinc, or by dissolving metallic titanium in hy¬ 
drochloric acid. 


A vtoUt hexahydraU, TiClg • 6H2O, crystallizes from the solution. If the concentrated 
solution IS covered with a layer of dry ether, and saturated with hydrogen chloride gas a 
^een hexahydraU —i.e., a salt having the same composition as the violet hydrate—is obtained 
from the green ethereal solution. The violet salt has a similar constitution to the violet 
chromic chloride(cf. Chap. 5)-i.c., [TiCH.O.JCI,; the green hydrate probably has a 
constitution like that of one of the green chromium(III) chlorides. It thus provides an 
example of hydrate isomerism (for further discussion see under chromium). 

Added to a dilute gold salt solution, a titanium(III) chloride solution gives an intense 
^Ict color; this depends on the adsorption of colloidal gold on titanium dioxide hydrate. 
The formation of the adsorption product is exactly analogous to that of the ‘Purple of 
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on 6 molecules of NH,. 

— 

Pcniat hloro-complcx salts of the ^YP V ^ M'aTiF, arc very readily obtained. 
.,.anium(IH) chloride^ ^^^"rb;:^ed in aS\acuum.\ccUng .o EhrHch (. 95 - 53 ) 

r .c is .hereb^ Ibrmed, along wi.b .be bexafluo.o...ana.e: 

2K,TiF, = KTiF. + K3TiF,. 

. , 1= Bohr maenctons. It follows that the Ti"' atom 

dissociated compound in the ^ exist’even in cases where their parent compounds 

example, wUb .be hexa.biocyana.o .i.ana.es(III)- 

"'Viil'en’o form?reddisb viole. crys.aU (m.p. ..5=) «hicb are readily soluble in 
alcohol'and acetone, as well j decomposes reversibly at 400% according to 

to sublime at 900" in a vacuum. 

wben prac.ically all (be li.anium is conver.ed .o .he tr.valen. sta.e, it a 
‘ n Urcm pur viole. color. An acid liianium(m) sulfate w.th .he composition 
TTo H SO. • 25H.O can be isolated from the solution, m the form of a 
i gfel:ning“ violet, crystalline powder. This may be converted to anhydrous 
neutral titanium(lll) sulfate, Ti.(SO,)„ by fuming down with sulfunc acid, a 
deep blue colored compound, of unknown compositton, ts formed as an intermed¬ 
iate^ \eut,al lilamumilll) sulfate is a green crystalline powder, insoluble m water 
alcohol, and concentrated sulfuric acid, but soluble tn dilute sulfuric acid and m 

hydrochloric acid, giving violet solutions. 

Fxrhanee of hydrogen in acid titanium(lll) sulfate by metal ions gi^ rise to double or 

Xt SX; I -L-SSi'.ri", 

ss "US;. E,™rxS. KSi uui 

oiherfypc of double sulfate of trivalcnt titanium corresponds, m composition and 
form m the alums\ the only known titanium alums are, however, ruj>id*um and CKium 
compounds-RbTKSO.). ■ ..tH ,0 (red) and <^^ 1 ( 50 .). ■ .2H.O (br.^ht r^-vm^ 
These salts can be recrystallized without decomposition from dilute su^uric ac d, but not 
frL pure water. Yet another type is represented by the sodium double sulfate, a violet 

^Double salts similar to the sulfates are formed by trivalent titanium also with oxalates: 
M*Ti(C204)j • 2 HjO; M- = NH^, K, Rb; yellow-gold crystals. 

• Such intensive colorations are characteristic of products in which one and the same 
•Icmcni occurs in different states of oxidation. They often appear intermcdianly in oxi- 
ations and reductions. 
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(iii) Titamum{III) hydroxide is formed by reaction of titanium(III) salt solutions 
with alkali hydroxides, as a deeply colored precipitate which acts as a most vigorous 
reducing agent, and is therefore difficult to obtain pure. 

(iv) Ti 7 < 2 mum(///)ojri</f. Dititaniuin trioxide, TijOj (</= 4.49. m.p. about 1900 J may 
be obtained crystalline by heating titanium dioxide at >ooo' in a stream of hydrogen and 
titanium tetrachloride. It has the same crystal structure as corundum; = 5.42-A, a = 

56 “ 32 '. 

(v) Titamum nitride, TiN. If titanium compounds are reduced at high temper¬ 
ature in the presence of atmospheric nitrogen, titanium nitride is very readily formed, 
though generally in an impure state. Pure titanium nitride TiN is obtainable in 
the form of a bronze colored powder by strongly heating titanium tetrachloride 
or its ammoniate in a current of ammonia: 

STiCl, + 16NH5 = 3TiN + iNj + i 2 NH,C 1 . 

The nitride is obtained very pure, and in a compact state, by the filament growth 
process (as for zirconium nitride, cf. p. 75). 

Titanium and zirconium nitrides can be prepared by the filament method be¬ 
cause they possess a considerable electrical conductivity (cf p. 50). 

Although formally a compound of trivalent titanium, titanium nitride is so stable that it 
is not attacked by chlorine, even at 270°. However, it dissolves in hydrofluoric acid in the 
presence of strong oxidizing agents, such as permanganate. It is also decomposed by hot 
caustic potash: 

TiN + 2KOH + HjO = KjTiOa + NH, + 

A corresponding decomposition is brought about by superheated steam: 

TiN + 2H2O = TiOj -H NHj + JHj. 

At one time an attempt was made to base a process for the synthesis of ammonia on this 
reaction. 

Titanium nitride has a structure of rock salt type (cf p. 46). Crystal lattices of the same 
type are formed also by ZrN, VN, NbN, and ScN. 

(c) Titaiiiiim(lV) Compounds 

(t) Titanium tetrachloride, TiCl,, may be obtained by passing chlorine over 
heated titanium, titanium carbide, titanium-aluminum alloy (which is obtainable 
by the alumino-thermic method), or over a mixture of titanium dioxide and car¬ 
bon. In the pure state, it forms a colorless liquid, boiling at 136.5®, solidifying at 
—23®, and having a density of 1.76 at o®. It hasapungentsmelfandfumesstronglv 
in moist air. It is rapidly hydrolyzed by water: 

TiCh + 2 HjO = TiOj + 4HCI. 

If the hydrolysis is repressed by addition of acid, or if only a little water enters into 
reaction, oxychlorides can appear as intermediate products. 

Titanium tetrachloride readily forms addition compounds—e.g., with ammonia 
(TiClj • 6NH3 and TiCh • 8NH3) and a*so with pyridine; further, with phosphorus tri-and 
pcntachloride, phosphorus oxychloride, nitrosyl chloride, sulfur tetrachloride, selenyl 



3 


,8 SUB-GROUP 4 OF THE PERIODIC SYSTEM 

chloride, and many other compounds-especially those containing oxygen, sulfur or 

"If ^1 is treated with alcohols and NH„ titanium alkoxides Ti(OR). are formed 
,R = alk;, or ^ Xtin^'miir L'^of •thrablh;’':; titanium 

from polyhydroxy-orgamc ,i,anium alkoxychlorides are also 

alummdm and trivd™^ ‘h "s^^hich like titanium tetrachloride, forms a double compouitd 
ll"tira"c7tyukbrde; this is remarkable in that it can be distilled unchanged under reduced 
pressure (D. C. Bradley, I95^)* 

(ii) ChlorotilamUs. Titanium tetrachloride adds on chloride ions, forming the 
complex chlorotitanate ion [TiCl.]=. Of the chloroUlaru,Us ^ore prec^ely- 
Ar,J/,/erehWr(/n) the ammonium salt (NH.).[T.C1.] • gH O (yellow crystals) 
and several salts of organic bases are known. The corresponding free acid tan 
only exist in aqueous solution; its formation thereto is demonstrated by the 
yellow coloration produced by the addition of concentrated hydrochlonc acid to 
titanium tetrachloride. Much more intense colorations appear if hydrobromic 

acid or hydriodic acid are added. 

(Hi) Titanium JIuoridt and FluorolilanaUs. Titanium fluonde, TiF,, most con¬ 
veniently prepared by reaction of TiCl. with HF (Ruff 1904), forms a white, loose 
powder of density 2.80. It displays a much stronger tendency than does the chlor¬ 
ide to form acido salts. These correspond to the type M'.[TiF.] (hexafluoro- 
titanates(IV), or more hn^^y—fiuoroiitanates). All the alkali- and alkahne earth 
salts of this type, and numerous salts of the heavy metals have been prepared. 
Potassium, rubidium, and cesium fluorotitanates are suitable for the detection of 
titanium, on account of their characteristic crystalline form. 


(,1,) Titanium Utrabromide, TiBr^, obtainable in a similar manner to TiCl, (as arnber- 
yellow octahedral crystals, d 3.25, m.p. 40'*, b.p. 230®), is very similar to the chlonde in its 
chemical behavior. It is extremely hygroscopic, very soluble in alcohol (287 g in 100 ml)^ 
and moderately soluble in ether. Like Sil* and GCI4, TiBr4 crystallizes with the SnI, 

structure (molecular lattice, see Vol. I, p. 53*)* 

(n) Titanium Utraiodide, Til*, is most readily prepared by double decomposition of TiCI* 
with HI. It crystallizes in red-brown octahedra (crystal structure as for TiBr4; m.p. 150 , 
b.p. 365°), but changes on standing, into a modification with a lower degree of symmetry. 


(iv) Titanium Sulfates and SulfatotitanaUs. When titanic acid or titanium dioxide 
are fumed down with concentrated sulfuric acid, titanyl sulfate [Ti0][S04] is 
formed, as a white powder, soluble in cold water. It is decomposed by hot water, 
with the deposition of gelatinous titanium dioxide: 


[TiO] (SO4] + H ,0 = TiO, H- H,S04. 


In addition to titanyl sulfate, there are other titanium sulfates, both with greater 
and with smaller SO, contents. The neutral titanium sulfate, Ti(S04)„ is not 
known with certainty in the free state. Double salts derived from it are, however, 
known; in particular the sulfatotitanates (trisuifatotitanate(IV) salts) of the type 
M*,[Ti(S04),]. Titanyl sulfate also forms double salts (disulfato-oxotitanates), 
c.g., (NH4),[Ti0(S0 ,),]-H, 0 . 
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{vii) Other AcidotitanaUs. The double sails last mentioned belong to a type of acido- 
compounds of titanium which also includes complex salts with other acid radicals—for 
example the thiocyanato-oxotilanates M'2(TiO(SCN)«], and the dioxalato-oxotitanates 
M*2[Ti0(C204)2]- The latter arc used as mordants in the dyeing of leather and in piece 
dyeing. 

{viii) Titanium dioxide, TiO^ occurs in Nature chiefly as rutile. This forms tetra¬ 
gonal, transparent to opaque, red, or frequently more yellowish, crystals, often 
of characteristic habit, (d = 4.2—4-3)- More rarely, titanium dioxide occurs in 
the form ofanatase (d = 3.6—3.95) which also crystallizes in the tetragonal system, 
but with a different axial ratio, and as the rhombic brookile ((^=4.1—4.2). 
Edisonite, which is found in the auriferous sands of North Carolina, is a variety of 
rutile. 


The crystal structure of rutile is illustrated in Fig. 63, p. 265 of Vol. I {a = 4.58, c = 2.95. 
d = 2.01 A). Each titanium atom in rutile is surrounded by two O-atoms at a distance of 
2.01 A, and by four at a distance of 1.92 A; the six O- 
atoms form a somewhat distorted octahedron. Fig. 16 
shows the crystal structure of anatase. In anatase, every 
titanium atom is surrounded, again in the form of a 
distorted octahedron, by two oxygen atoms at a distance 
of 1.95 A (in the diagram these are joined by double lines 
to the corresponding Ti atom) and by four O-atoms at 
1.91 A. Whereas the rutile structure is frequently met 
with among the dioxides, and also the difluorides, the 
structure illustrated in Fig. 16 has hitherto been found 
only in anatase. In the somewhat more complicated 
rhombic structure of brookite, as in the two other struc¬ 
tures, each Ti atom is surrounded, according to Pauling 
{1928), by six not exactly equidistant O-atoms making 
up a somewhat distorted octahedral arrangement. The 
mean Ti ♦-» O distance in the brookite structure is prac¬ 
tically the same as in the crystal lattices of rutile and 
anatase. 

The different structures in which TiOj crystallizes 
occupy an interesting transitional position between pure 
coordination lattices and molecular lattices. One can 
regard them as coordination structures, in which Ti exerts 
the coordination number 6 towards O. In all structures, 
however, 2 of the 6 O-atoms surrounding the Ti differ 
from the remainder, namely those which are at a greater 
distance from the Ti atom than the rest. In the crystal 
lattice of anatase, the line joining these atoms lies in the direction of the c axis; in rutile, 
perpendicular to the c axis. In the brookite structure the two O-atoms furthest removed 
from the Ti atom (Ti «-♦ O = i.g8 A) are the only ones which are exactly equidistant from 
the Ti atom; the distances of the remaining four differ among themselves as well as from 
the first mentioned O-atoms. One can thus assign two of the O-atoms in each structure to a 
particular Ti atom, and can regard the structure as a molecular lattice instead of as a 
coordination lattice: the O-atoms belonging to the individual TiOj molecules are, indeed, 
repelled from the Ti atom by interaction with O-atoms of neighboring molecules, but they 
can nevertheless be recognized as belonging to it, (cf. in this connection the discussion of the 
AljOj structure in Vol. I, p.-35i). 

Anatase, according to Schroder (1928), undergoes an enantiotropic transformation at 
642®. The two modifications are distinguished as a- and ^-anatase. At about 915®, anatase 
changes monotropically into rutile. Brookite also changes monotropically into rutile. The 
velocity of transformation diminishes with decreasing temperature, and becomes im¬ 
measurably small below 600®. 



Fig. 16. Unit cell of anatase. 
= 3-73 A, Co = 9.37 A, 

d= 1.95 A. 
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liO, mt-Us at about I 8 oo^ At higher temperatures it begins to Inse oxygen with the 
forma.ion ofTi, 0 ,; the O,-pressure reaches i atm«phere at 2230 • The heat off^manon 
of TiO from iTi, 0 , and lO, is calculated from the dissociation equilibrium to be about 
99 kcal! (Junker 1936). Reduction to Ti, 0 , by means of CO takes place at temperatures 

as low as 800 . 

Titanium dioxide occurring naturally is seldom pure. As a rule it is more or less 
strongly ferruginous, and for that reason is almost invariably colored, often almost 
black {ni^'rinr). Pure titanium dioxide is colorless when cold, yellowish when hot. 
11 is insoluble in water and in dilute acids, even when prepared in amorphous form. 
It dissolves slowly in hot concentrated sulfuric acid, better in fused alkali hydrogen 
sulfates. The titanium sulfate or titanyl sulfate thereby formed is decomposed by 
boiling with water, even in dilute acid solution. The product of decomposition is 
called b'lUanic acid, in contrast to ordinary titanic acid, a-litanic acid, which results 
from precipitation of a freshly prepared acid titanium sulfate solution with alkali- 
or ammonium hydroxide or carbonate, in the cold. The b-iitanic acid dilTers from 
ordinary titanic acid just as b-stannic acid differs from ordinary stannic acid. It is 
much less reactive than ordinary titanic acid. Thus it is hardly dissolved by acids, 
except by hot concentrated sulfuric acid. As with the two sorts of stannic acid, there 
is a continuous transition between the two titanic acids. 

Ordinary titanic acid behaves in a peculiar manner on heating. If it is not too slowly 
heated, it suddenly becomes incandescent at a certain temperature, without undergoing 
any change in weight. The b-titanic acid docs not show this behavior. The phenomenon 
depends on the crystallization of the previously amorphous oxide, which takes place 
suddenly as the temperature is slowly raised, as was shown by Bohm from the X-ray 
diffraction patterns. The sudden evolution of heat, indicated by the glowing, is brought 
about by the considerable heal of crystallization which is liberated. A few other oxides 
display the same phenomenon—in particular ZrO„ NbjOj, TajOs, ScjOj, Cr,Oj and 
FcjOj. For most of these, the phenomenon was already noticed by Berzelius. The pre¬ 
requisites for its occurrence are that a substance must have a large heat of crystallization, 
a strong crystallizing tendency, and must be capable of preparation in the amorphous 
form; it is the superheating of the latter, which leads to the sudden onset of the crystalli¬ 
zation process. The ‘glowing’ is best observed in compact pressed masses, in which the 
temperature rise propagates itself more rapidly than through a loose powder. 

Ordinary titanic acid is a gelatinous substance, of the nature of a hydro-gel. Older 
methods of investigation did not suffice to decide whether this was actually a gel of titanium 
dioxide, or of some stoichiometrically defined hydrate of titanium dioxide. Recently, 
however, by applying the acetone-drying method to a titanic acid gel, prepared by hydro¬ 
lysis of TiCb at 0°, Schwarz has made it probable that titanium dioxide is present in such a 
gel in the form of a hydrate TifOH)^, i.e.,—as orthotitanic acid. 

It was found by Graham that colloidal dispersions (hydrosols) of titanium dioxide can be 
obtained by peptizing titanic acid, precipitated in the cold by ammonia, with hydrochloric 
acid. According to Wintgen (1936), considerably more concentrated hydrosob can be 
obtained by dialysis of 1-3% TiCl4 solutions. 

Like SiOj, TiOj can also go into solution to a certain extent in molecular disperse form. 
The solutions are, however, much less stable than those of molecularly-dbperse silicic acid 
(Brintzinger, 1931). 

Uses of titanium dioxide: see p. 53. 

(ix) Titanates. Neglecting their water of crystallization, the alkali titanates 
correspond mostly to the formulas M',TiO, and M'jTijOj. They may be obtained 
in the wet way, by evaporating solutions of a-titanic acid in concentrated alkali 
hydroxide solutions (b-titanic acid is insoluble). They can be prepared in the 
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anhydrous state by fusing titanium dioxide with alkali carbonates. The titanates 
of other metals can also be prepared by high temperature methods. Compounds 
of the t>pe M’4Ti04 (orthotitanates) are formed in this way b\ a lew ttietals, as 
wel as those of the type M’jTiOa (metatitanates). .Numerous polytiUviales ^com- 
pounds with more than i TiOj per i M'.O) have been obtained by fusion methods. 

Alkaline earth titanates arc known corresponding to the types M“ri03, 
M^jTiO^ and NPaTiOj. Compounds of the type M“3R05 have relatively recently 
been recognized, through the work of Scholder (1953). He has shown that such 
compounds are formed by X'"', Cr>'', Fe'^ and Co'' , as well as by Ti'\ 

Calcium titanate. CaTiO^, occurs in Nature as perowskite. The still more com¬ 
monly, occurring mineral ilmenite (titaniferous iron ore) sometimes corrcspojids in 
composition to iron{II) titanate, FeTiOj, which can also be prepared artificially. 
Usually, however, it contains more iron than is required bs’ this formula. Its 
isomorphism with hematite, I-ejOa, is worthy of note. In consequence of this, red 
iron ore (hematite) often contains considerable amounts (up to 7“^^) of titanium 
dioxide. 


The crystal structure of ilmonite is derived from that of corundum (\'ol. I. Fig. 72). with 
which hematite is isomorphous. in such a way that the aluminum atoms are replaced 
alternately by titanium and iron atoms. The metatitanates of Co". .\i". Mn". Cd and Mg 
likewise crystallize with the ilmenite structure. CaTiO,. SrTiOj, and BaTiOa. die other 
hand, crystallize in the perowskite structure (see \’ol. I. p. 398. Fig. 76). In the ilmenite 
structure, as also in the perowskite structure. Ti has the coordination number 6 towards 
oxygen. The same is true for the structure of the compound FcsTiOj (crystallizing rhombic), 
which occurs in Nature as pseudobrookiU It is built up of (somewhat distorted) 1 iOg o< ta- 
hedra, which arc linked together by two opposite corners, so as to form chains running 
parallel to the c axis. The iron atoms arc inserted into the space.s of the crystal lattice in 
such a way that every iron atom is surrounded, rotighly tetrahedrally. by 4 O-atoms. 

Those titanates of the formula M"2Ti04 for which the .structures are known (M" = Mg. 
2 n, Mn, Co), crystallize with the spinel structure (sec \’ol. I. p. 355). In these compounds, 
again, titanium is 6-coordinatcd: the ‘tetrahedral’ positions arc filled by half the M" atoms, 
so that these ‘titanates’ could be formulated as M“Ti(.M"04]. I'hcy are. however, better 
thought of as double oxides, and not as salts. 

X-ray structure analysis has shown that titanium is always 6-coordinated in 
oxide structures. ‘Titanic acid’ therefore docs not replace silicic acid in minerals. 
Titanite or sphene^ a monoclinic mineral of the composition CaO • TiO, • SiOj, is 
therefore not to be regarded as a disilicate in which i Si is replaced by i Ti, as was 
formerly assumed. In view of its detailed structure, and the partial replaceabilitv 
ofTi by Pc'", it is best represented by the formula Ca(Ti''', Fe'")(0,0H)[Si04l, 

X-ray structure analysis has shown that titanite is a silicate built up of isolated, somewhat 
distorted [8104] tetrahedra, in the structure of which the Ti atoms are arranged in such a 
way that each of them is surrounded by the vertices of 4 ISi04) tetrahedra. and also by 

2 O-atoms which link pairs of neighboring Ti atoms together. The Ti atoms can be partially 
replaced by Fe'". A corresponding proportion of the O-atoms linking them together are 
then exchanged for OH groups. 

The compound LigTiOj is not really a titanate, but is a double oxide with the rock salt 
structure, with a statistical distribution of the cations (see p. 275). The double oxide 
2Li20 • sTiOj has the spinel structure, and can be formulated as Li«/,Ti» , 0 ,—i.e., of the 

3 cation sites in the spinel structure, ( are occupied by Li+ iuns, and ;; by ions. 

(jf) Peroxytitanic acid and Peroxytitanates. Titanum salts, in neutral or acid solu¬ 
tion, are colored an intense orange red by hydrogen peroxide. From sufficiently 
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concentrated solutions, peroxytitanic acid, H,TiO„ can be thrown down by 
moans of aqueous ammonia as a brownish-yellow precipitate. 


Like titanic acid, peroxytitanic acid usually forms a gel with a variable water content. 
Schwarz was able to dehydrate this, however, by drying with acetone at o . The residue 
had the composition TiO, * aH^O, and contained i atom of‘active’ oxygen for each atom 
of titanium, i.e., an oxygen atom which reduced 2 equivalents of permanganate in dilute 
sulfuric acid solution, like t molecule of hydrogen peroxide. The compound therefore 
contains i peroxygroup — 0 — 0 —. It was shown to be a true peroxyacid, and not an 
H.Oj-addition product (peroxyhydrate) by Schwarz (1935) from the result of the Riesen- 
feld-Lichhafsky test (cf. Vol. I. p. 34 ° On the other hand, the compound formerly 

referred to as potassium peroxytitanate is actually a peroxyhydrate of potassium ortho- 

titanate K4Ti04 • 4H2O3 * 2H2O. 

1 rue peroxytitanates exist, in which other radicals arc bound to the titanium, as well as 
the peroxidic oxygen. To this type belong ammonium pentafluoroperoxotitanate, 

(NH4)3 I TiFj and potassium disulfatoperoxotitanatc K, | Ti{S04), • 3H2O. 

O " 

I hr ion l02-Ti(S04)2]" is only weakly complexed, and therefore decomposes in dilute 
solution to yield peroxytitanyl ions\ 

[02 = Ti(S 04 ),]" ^ [02=Ti]++-F 2[S04]=. 


.\s has been shown by Jahr, pcroxytitanyl ions are formed when any dilute, strongly 
acidified titanium or titanyl salt solutions are treated with hydrogen peroxide. This is 
made use of for the analytical detection of titanium (cf. p. 63). In aqueous solutions 
containing hydrogen peroxide, an equilibrium is established between the titanyl and the 
pcroxytitanyl ions: 


(TiO]++ -h H3O, 


[Ti = 0 .]+- + H.O; 


Jahr was able to isolate the compound [TiO] [CIO4], • HjOj (crystallizing in the hexagon¬ 
al system) from concentrated solutions of pcroxytitanyl perchlorate. This is very hygroscopic, 
but is colorless, unlike the intensely orange colored pcroxytitanyl salt solutions. 


(ri) Titanium disulfide, TiS„ is formed by passing a mixture of titanium tetra¬ 
chloride and hydrogen sulfide through a red-hot porcelain tube: 


Tia4 -f 2 HjS = TiS, -f- 4HCI. 

A different reaction takes place between titanium tetrachloride and hydrogen sulfide in 
the cold, since the latter then acts as a reducing agent, according to the equation 
TiCl* + HjS = TiClj + 2HCI -F S. 


Titanium disulfide forms brassy-yellow scales, with a metallic luster (for crystal 
structure see p. 46). It is stable in air at ordinary temperature. When heated in air, 
however, it is converted into TiO„ and on heating in a stream of hydrogen or of 
nitrogen it yields lower sulfides, Ti,Ss and TiS. It is not decomposed by water even 
on boiling and is likewise stable towards dilute sulfuric acid, hydrochloric acid, 
and ammonia. It is decomposed by nitric acid, however, as well as by hot concen¬ 
trated sulfuric acid, with the depiosition of sulfur. The disulfide is dissolved by 
boiling caustic potash, with the formation of potassium titanate and potassium 
sulfide. It reacts with dry carbon dioxide when heated, according to the equation 
TiS, -F 2CO, = TiO, + 2CO -F 2S. 
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Biltz {1937) has proved the existence of a higher sulfide of titanium. I'iSj, as well as at 
least one phase, structurally distinct from Ti and from TiS. with a lower sulfur content 
than the monosulfidc. 

(An'») Titanium carbide, TiC, is present in titaniferous cast iron. It was first prep.tud pure 
in an electric furnace by Moissari. Small amounts can most simpl>' be obtaine<i [)y ihc 
filament growth process (p. Gj-6), based either u[>on the reaction TiC^lj CC ^ (I I? 
TiC 4 - HoO + 4HCI, taking place on a highly heated wire, or on the heating of a t arlmn 
filament in "riCI, vapor (Burgers. 1934). For the preparation of larger cjuaiuitics <4 the 
pure carbide in the compact form, the sintering process is best. In this, .m intimate ini'cture 
of finely powdered Ti or TiO, and ignited carbon black is first lu aied in a grapliite tube 
furnace, in an atmosphere of hydrogen, to about 2000 . The carbide so forinetl, aft<‘r 
powdering, is compressed under high pressures (2000 kg'cin-' into rods i|>ellets; and fired 
in a graphite tube furnace at 2500-3000'’. The firing process is repeated, alter fresh powder¬ 
ing arid pressing, until the rod is sufficiently compacted and solidified by the ‘[)resintei ing’. 
This is followed by a high temperature sintering proca-is. in vvhi< h a pouuful eledric 
current is passed through the rod—i.e., it is heatetl up almost to the melting point of tlie 
carbide, whereby the impurities still contained in the carbkh- evaporau-. Ttie procedim- 
can also be applied to other high-melting carbides (e.f, ZrC, HfC, .\bC:, TaC) and to the 
preparation of nitrides, such as TiN, ZrN. Ta.\ (.\gie and Mo< rs. 1931). 

1 Itanium carbide is ver>- similar to titanium metal in appearance and behavior, although 
less readily attacked b> acids; melting point 3450"; crystal structure—see p. 4!). Acc ording 
to Burgers, one g mol. of TiC is capable of taking up to about o.i g atom of I'i in solid 
solution. 1 he possible existence of a second carbide, 'I'ijC. is still unerriain. 

On account of its great hardness. TiC finds applications for the preparation of sintered 
‘hard metals’. 


{xiii) Titanium Carhomtrides. Two compounds of titanium witli carbon and ni¬ 
trogen are known; titanium dicyanide {titanium carbonitride, cochtiinitc), 
Ti(Ci\)j, blue crystals, harder than steel; and titanium cyanonitridc, Tii^C.Nft 
(~ Ti(CN)2'3Ti3N2), copper red crystals. The latter is the compound occurring 
in the blast furnace slags from the smelting of titanium-rich iron ores, and was 
originally mistaken for elemental^' titanium. 

{xiy) Titanium Borides. Titanium can take considerable amounts of boron into solid 
solution. It also forms two compounds with boron; TiB (cubic) crystallizes with the zinc 
blende structure {a = 4-20 A), and TiB* (hexagonal) is isotypic with AIB^ {a = 3.03. 
^ ~ 3-2t A). ZrB2, VBj, NbBj, TaBj, and CrBj crystallize with the same structure as the 
corresponding titanium compound; the structure of MoBj is related to the same type. 
TiBj is harder than any other known metallic boride. The borides of all the transition 
metals cited above arc all notable for their great hardness and extremely high melting 
points; they are good electrical conductors and are very stable chemically. They can be 
alloyed with the metals of the iron group, and are used to some extent for high temperature 
materials and cutting tools. According to Kieffer, TiB^ and ZrB^ are conveniently prepared 
technically from boron carbide, B^C, which is manufactured on a considerable scale as an 
abrasive. This is mixed with B^Oj, and treated with metallic Ti: 

7Ti -I- 3B4C + BjOj = 7TiB2 + 3CO. 

[Z- anorg. Chem., 268 (1952), 191]. 


4* Analytical (Titanium) 

The intense orange coloration produced in acidified solutions on addition of 
hydrogen peroxide is highly characteristic of titanium compounds, (see p. 61 
et seq.) 

The hydrogen peroxide reaction for titanium is very sensitive, but hydrofluoric acid 
fluorosilicic acid, nitric acid, and large amounts of acetic acid interfere. Titanium also gives 
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(haracirristically colored substances with many organic compounds especially with 
alkaloids, phenols, and with many oxyacids. Thus chromotropic acid (1,8-dioxynaphthalene- 
■i,6.disulfbnic acid) is colored blood-rcd by even minimal amounts of titanium salts m 

aqueous solutions. 

I he microcosmic salt bead is not colored by titanium in the oxidizing flame, but 
is colored violet after prolonged heating in the reducing zone of the flame. The 
borax bead displays the same coloration, though only in the presence of larger 
amounts of titanium. The violet coloration characteristic ofTi(III) compounds 
also appears after the addition of zinc, tin, and other reducing agents to acid 
solutions of titanium salts. Similar color reactions are, however, given also by a 
few other substances (tungsten, vanadium, and molybdenum compounds). 

Titanium salts are all readily hydrolyzed. However, titanium dioxide hydrate, 
precipitated in the cold and not aged, is readily dissolved and held in solution by 
acids, so that, in the course of wet-way analysis, titanium is found chiefly in the 
ammonium sulfide group. It is not difficult to separate it from other elements of 
this group, by utilizing the fact that titanium is precipitated as b-titanic acid from 
dilute acid solution on prolonged boiling. 

In general, insoluble titanium compounds are best brought into solution by 
fusion with potassium hydrogen sulfate. However, the soda-potash melt is also to 
be recommended on occasion. In the former case, titanium goes into solution when 
the melt is dissolved in cold water; in the second case, after leaching the melt it is 
left as alkali titanate, sparingly soluble in cold water but readily soluble in acids. 

fitanium can be determined by precipitation as b-titanic acid and weighing as TiO,, or 
(more conveniently) titrimetrically, by oxidation of Ti*+ to Ti*+ by means of ferric 
alum solution, using KSCN as indicator. Small amounts of titenium are best determined 
colorimetrically, by means of the reaction with H,Oj. For the determination of even smaller 
amounts, the color reaction of titanium(IV) sulfate with salicylic acid in concentrated 
sulfuric acid is suitable, according to Schenck [Helv. Chim. Acta, 19 (1936) 1127]. 


5. Zirconium (Zr) [/o, //] 

(a) Occurrence 

Compounds of zirconium, like those of titanium, are distributed in small 
amounts throughout the earth’s surface. They seldom occur, however, in major 
deposits. The mineral which is most important technically (although not, as in the 
case of titanium, the most abundant) is the dioxide. This occurs as baddeleyite, 
ZrOj, in considerable quantities (chiefly in South Brazil and in Ceylon). The 
silicate of zirconium, zircon, ZrSi04, is more frequently met with. This is at pre¬ 
sent less important then baddeleyite, since it is more difficult to work up. 

Silicates of zirconium in which the silicic acid is partially replaced by titanic-, niobic, or 
tantalic acid are not infrequently found in Nature. Zirconium compounds are almost 
invariably found in the minerals which contain the rare earths. The mineral eudialyte, 
occurring in Greenland and Norway, contains minor amounts of cerium and manganese 
oxides, and also chlorine, as well as the oxides of zirconium, silicon, iron, calcium, and 
sodium. 

According to Prandtl (1937), zirconium minerab almost invariably contain phosphoric 
acid, even though the phosphoric acid content is so small that it may be below the limit of 
detection, since the detection of POJ" (like that of SOJ") is hindered by a great excess of 
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[ZrO]**** ions. The presence of phosphate in zirconium dioxide is easily detected, however, 
since a dark coloration is produced on ignition in hydrogen, as a result of the formation 
of ZrP. 


(b) History 

Zirconium dioxide was first isolated by Klaproth in from zircon from tlic 

\ It tt S y in 1824, succeeded in preparing tlie metal (in powder 

form) by reduction of potassium fluorozirconate with potassium. 

All zirconium preparations made prior to 1924 were contaminated to a cons¬ 
iderable degree with hafnium, the homologue of zirconium. Almost hafnium-free 
zirconium preparations were only recently obtained. 

(c) Preparation 

In a powdered and impure form, the metal is obtained by the method of Ber¬ 
zelius, by reduction of potassium fluorozirconatc, KJZrFJ, with potassium or 
sodium: 

K.ZrFe + 4Na = zKF + 4NaF + Zr. 

Pure zirconium is now prepared industrially by a method similar to the Kroll 
process for titanium—i.e., by the reduction of zirconium tetrachloride by means 
of molten magnesium. 

Molten zirconium can be obtained by the aluminothcrmic method, according to Weiss 
and Neumann: zirconium-aluminum is first produced by reduction of potassium fluoro- 
zirconate with aluminum. This is an alloy of zirconium with about 3o“o aluminum, whic h 
was formerly called crystallized zirconium’. If electrodes arc fabricated from this, and an 
electric arc burned between them in an atmosphere of nitrogen or ammonia, under a 
pressure of less than 12 mm. the greater part of the aluminum evaporates while the 
zirconium melts. Fairly pure compact metallic zirconium can be obtained in this way, by 
repeated melting. 

.Analytically pure, but not compact, zirconium metal can be obtained by the method of 
Lely and Hamburger. In this process, a mixture of anhydrous zirconium tetrachloride with 
an excess ofsodium is heated to 500®. Reaction ensues according to the equation ZrCl4-f-4Na 
= Zr + 4NaCI. After washing out the product of reaction, first with water, then with 
hydrochloric acid, the zirconium remains in the form of a powder w hich can be pressed into 
rods. This cannot, however, be rolled. This is because each grain of the powder is covered 
with an extremely thin, analytically indetectable film of oxide or nitride. 

Reduction of the dioxide with calcium, by Kroll’s method (cf. p. 51) yields a compact 
metal, which can be worked when hot. but which is brittle when cold, on account of its 
ZrO content (cf. p. 67). 

A process which furnishes quite pure, compact, and ductile zirconium metal has been 
described by Van Arkel and De Boer (1924) (filament growth process). It depends on the 
fact that a volatile zirconium compound (zirconium tetraiodide) is decomposed thermally 
in a vacuum, on an incandescent wire. The temperature of thermal decomposition of 
zirconium tetraiodide is far lower than the temperature of volatilization of metallic zir¬ 
conium, so that the latter is deposited on the filament in crystalline form. Nearly pure 
zirconium in powder form, obtained by one of the processes given above, is first introduced 
together with some iodine through the opening A into a vessel, made of Pyrex gla.ss, having 
the form show in Fig. 17. T^e opening A is then sealed up, and, after evacuating the vessel, 
B is scaled also. The tungsten filament F, stretched between the tw'O tungsten rods.?,, S^, 
is then heated to about 1800® by passing a current through it. while the W'holc vessel is 
heated to about 600® in an electric furnace. Zrl, first forms. This difiiiscs to the incan¬ 
descent filament and is there decomposed, w'ith deposition of the metal. The iodine set free 
can again transport zirconium, in the form of iodide, to the filament, and so on. As the 



66 SUB-GROUP 4 OF THE PERIODIC SYSTEM 3 

filament grows in thickness through deposition of the metal, the heating current must be 
increased—for example, from J ampere for a filament of 40 fi diameter to about 200 
amperes when the zirconium rod has become 5 mm thick. The very thin tungsten filament 

situated in the middle plays no significant role as impurity in 
thick rods. In this way, it is possible to obtain zirconium 
/ \ ^ which is as ductile as copper, so that it may be hammered and 

1 l^ll M rolled cold without further ado. Other elements which are hard 

/ IN jIb to prepare pure, such as boron, silicon, titanium, and hafnium, 
J <' i [ I can also be prepared in the pure state and in compact form 

' \ _i I by the Van Arkcl process. Use has also frequently been made 

C -^ recently of the filament growth process for the preparation of 

^ pure compounds of thc.se elements (sec, c.g., pp. 57 and 63). 

(d) Properties 

^—* J Zirconium, in the pure compact state, is a lustrous 

^ \ ) metal with a steel-like appearance. In the finely divided 

state, it forms a black powder. The latter can readily be 
, " burned in air, whereas the melted, compact metal only 

prfparaiion oTmcullk tarnishes superficially on heating in air, and burns only at 
zirconium by thermal a very high temperature. In the powdered state, however, 
decomposition of zir- it burns in a current of oxygen at red heat. Thin ribbons 
conium iodide, by the be ignited in the flame of a match. The 

Van Ar^U^a^ Dc Boer nnolecular heat of combustion exceeds even that of tita¬ 
nium (cf. Table 6, p. 45). 

Metallic zirconium is not attacked by water or caustic alkalis, even when hot. 
Compact zirconium is also resistant to action by cold or hot nitric acid and hy¬ 
drochloric acid at all concentrations. It is attacked, however, by hot 60% sulfuric 
acid. Aqua regia also reacts vigorously with the metal. Hydrofluoric acid is the 
best solvent both for zirconium metal, and for compounds of zirconium that are 
rather inert chemically, such as the nitride and carbide. Compact metallic zirco¬ 
nium is fairly resistant towards fused alkali hydroxides. It is attacked by gaseous 
hydrogen chloride and chlorine at a dark red heat. Zirconium, like titanium, com¬ 
bines vigorously with nitrogen at high temperatures (from about 1000® upwards), 
forming the refractory nitride ZrN. The carbide ZrC is also highly resistant, as abo 
is the silicide ZrSi„ obtainable by the aluminothermic method, or in the electric 
furnace, in the form of steel grey, brilliantly lustrous crystab. Hydrogen is abo 
absorbed by powdered zirconium especially if the metal is first heated above its 
transition temperature in an atmosphere of hydrogen and then allowed to cool. 


At room temperature, zirconium can incorporate more than 33 atom-% of hydrogen in 
its hexagonal crystal lattice. When heated however, a new phase begins to appear, even 
when the hydrogen content b small; this has the same structure as Mn4N and Fe4N, and 
accordingly b to be considered to be a compound Zr4H. In the neighborhood of 50 atom-% 
hydrogen a further phase appears (the compound ZrH), and when the hydrogen content 
exceeds 65 atom-%, another new phase b formed—namely the compound ZrH, (H^g, 
1931). According to Sieverts, the heat of formation of thb hydride b 20.2 kcal/g-atom of H. 

Oxygen and nitrogen can abo be dissolved homogeneously in zirconium in considerable 
amounts (oxygen up to 40 atom-%). The oxygen b remarkably freely mobile in the zir¬ 
conium crystal lattice at high temperatures (e.g., 1000®), If an electric field b applied, the 
oxygen migrates to the anode (DeBoer and Fast 1940).The transformation of the hexagonal 
mt^ification (a-Zr) into cubic ^-Zr no longer takes place isothermally with zirconium 
containing oxygen or nitrogen, but over a wide range of temperature, in which the oxygen- 
richcr a-pha$e is in equilibrium with the oxygen-poorcr ^-phase (De Boer, 1936). 
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(e) Applications 

Zirconium, like titanium, is employed as an additive in the castinj; of metals 
because of its power of combining with oxygen and nitrogen. It is cominoniv used 
in the form of the iron alloy, ferrozirconium. Added to aluminum, it is said to 
increase resistance towards corrosion by sea water. Filaments in discliarge tubes, 
made from zirconium or zirconium alloys, ha\'c a good electron emissi\ it\, and 
withstand overloading. \Ielallic zirconium is also used for the fabrication oi’ 
crucibles, especially for alkaline fusions, in consequence of its excellent corrosion 
resistance. It is cheaper than tantalum, although the latter metal is in many 
respects superior in its resistance towards attack. A mixture of zirconium powder 
and zirconium nitrate forms a smokeless and odorless flashlight powder. 

Zirconium dioxide finds many applications, and is increasingly of importance 
in the refractory ceramic industry, since it is extraordinarily resistant not only to 
heat and to fluctuations of temperature, but also to chemical effects at high tetn- 
peratures. It is often mixed with other substances such as magnesium oxide (cf. 
p. 69). On account of its infusibility, it is suitable as a heat insulating material 
for furnaces in which the highest temperatures are to he attained. Mixed with 
graphite, it is used for the preparation of electric heating masses. Zirconium dioxide 
has also been recommended as a white pigment. It is used in the enamel industry, 
under the name of Terrar , as a turbidifier, in place of the more expensive stannic 
oxide, over which it also possesses a greater stability towards acids. It is also said to 
be a good grinding and polishing agent. Its peculiarity of emitting a brilliant 
incandescence when strongly heated (‘thermoluminescence’), has been utilized 
in various ways (see below). 

Zirconia has a high absorption coefficient for X-rays, and is absolutely non- 
poisonous; it is therefore suitable for use in radiological examinations, to render 

the digestive tract visible (‘Kontrastine’ preparation of the Polyphos-Gesell- 
schaft). 

Zirconium dioxide hydrate has been suggested for clarifying sewage, as it has 
strong adsorptive properties. Various zirconium compounds (e.g., the sulfate) have 
been found suitable as weighting materials for silk. The extremely hard carbide, 
ZrC, finds application for cutting glass and as an abrasive. 


6 . Compounds of Zirconium 

Zirconium almost invariably has the valence state +4 in its compounds. It was 
first proved by Ruff (1923) that, like titanium, it can exhibit other valence states. 
He reduced the colorless tetrachloride to the dark red-brown trichloride and the 
black dichloride, by heating it to 350° in a sealed, evacuated tube with aluminum 
powder containing aluminum chloride. 

^ Zirconium dichloride is also obtainable by heating Zr in ZrCl4 vapor, and the dibromide 

ZrBrj similarly (Dc Boer 1930). See also p. 72 for the lower halides of zirconium. ZrO also 
exists; it is soluble in metallic zirconium, and makes it cold-brittle. 

Compounds derived from quadrivalent zirconium are usually colorless, as are 
the ions Zr*+. These ions, however, hardly occur as such in appreciable amounts, 
since they have a strong tendency to add on negative ions. Thus, in the presence 
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of F- ions, the complex ion [ZrF,]" is formed; in the presence of sulfate ions, 
sulfato—or oxosulfato complexes—e.g., [0Zr(S04),]‘ and so on. In other cases, 
the Zr**^ ions react with water 

Zr** 4 - H,0 2H+ -h [ZrO]++ (zirconyl radical or ion) 

Zr4+ jHjO 3H+ + i[Zr,Os]++ (dizirconyl radical or ion) 

Zr** + 2H3O 4H+ + ZrO,. 

[See, however, Lister, J. Chem. Soc. (iQS^) 43 * 5*1 

In aqueous solutions, neutral zirconium salts accordingly undergo a more or less 
far-reaching hydrolysis, depending on the hydrogen ion concentration, with the 
formation of zirconyl salts [ZrO]X|, or dizifconyl salts [ZrjOjJXi, which are often 
obtainable in well crystallized form. On complete hydrolysis, zirconium dioxide, 
ZrO„ or its hydrate, is thrown down as a white precipitate. In strongly alkaline 
solution, the latter, by adding on yet another oxygen ion, passes over into the zir- 
conate ion [ZrOj]' : 

ZrO, -I- 2OH- ^ [ZrO,]= -f- H.O. 

Examples of well defined zirconyl and dizirconyl compounds arc: 

ZrOCl, zirconyl chloride Zr,0,Cl, dizirconyl chloride 

ZrOBr, zirconyl bromide Zr^OjEr, dizirconyl bromide 

ZrO{NO,), zirconyl nitrate Zr,0,{N0,), dizirconyl nitrate 

ZrjOj(SCN)3 • sHjO dizirconyl thiocyanate 

H3[Zr0(S04)3], zirconyl sul- K,[Zrj0s(S04),] potassium dizirconyl sulfate 

furic acid ordisulfatooxozirconic or potassium disulfatotrioxodizirconate 

acid 

The products of variable composition which arc frequently deposited from solutions of 
zirconium salts,—for example, by interaction of zirconium salt solutions with alkali salts of 
weak acids—are generally only adsorption products of acid or salt on amorphous zirconium 
dioxide hydrates. 

(a) Oxides and Acids 

(1) Zirconium dioxide {zirconia)^ ZrO„ is formed by the ignition of zircoruum 
dioxide hydrate, or of salts of zirconium with volatile oxyacids, as a hard white 
powder, insoluble in water. Its melting point lies extremely high (2700°); never¬ 
theless, by heating it with substances which lower the melting point or exert a 
solvent action (mineralizers) it can be converted into microscopic, tetragonal 
crystals. The naturally occurring zirconium dioxide, baddeleyiU (brazilite), is 
monocUnic. 

The monoclinic modification of zirconium dioxide is the stable one at ordinary tempera¬ 
ture. According to Ruff and Ebert, a reversible transformation into the tetragonal modifi¬ 
cation takes place above about 1000^. The oxide prepared by igniting zirconium salts is the 
(mctastable) tetragonal form if it is not heated above 600^. If certain oxides—for example 
magnesium oxide—are added when it is ignited, cubic mixed crystals (of the fluorspar type) 
may be obtained. The mixed crystal range ends, in the case of magnesium oxide, with a 
compound of the composition 2MgO * 3Zr03. The monoclinic modification of zirconium 
dioxide differs structurally from the cubic mixed crystals In that it has a somewhat distorted 
fluorspar structure. 

Zirconium dioxide which has been recrystallized by fusion is not attacked by 
acids, except by hydrofluoric acid. Oxide that has been only weakly ignited, how- 
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ever, dissolves rather readily in mineral acid; after strong heating it is soluble only 
in concentrated sulfuric acid or hydrofluoric acid. Strongly ignited zirconium 
dioxide can be easily brought into solution by fusion with alkali hydroxide or car¬ 
bonate; it thereby forms zirconates, which are soluble in acids. The density of 
crystallized, hafnium-free zirconiunt dioxide is 5.73. 

When heated, zirconium dioxide emits an intense light. It therefore formerly found 
application for optical projection and similar purposes (zirconia light). It was also originally 
used as the incandescent material in the .\uer gas mantle. It later attained importance again 
in the illuminating industry for the incandescent filament of the Nernst lamp. Nernst lamps 
contain rods (incandescent pencils) which consist of a mixture of zirconia with ytiria. 
When hot—the heat of a match is sufficient—the mass conducts the electric current, and the 
heating effect of the current quickly heats it to a brilliant incandescence. The .Nernst pencil 
was in turn displaced Irom the illuminating industry by the metal filament lamp, but was 
for a long time used as a conveniently operated intense light source for many laboratory 
purposes (c.g.. for polarimctr> 0 . The conductivity of zirconia is electrolytic in nature. TIu- 
conductivity absolutely pure zirconium dio.xide. however, even when hot, is very minute, 
probably even smaller than that of quartz. 

.\s has been shown by Wagner (1943) and Hund (1952), the electrolytic conductivity of 
the Nernst filament arises from the fact that ZrO, forms ‘anomalous mixed crystals' with 
Y.Oj, in which there are vacant places distributed statistically at random throughout the 
anion lattice. These make it possible for the 0 -- ions to jump from place to place, and there¬ 
fore to migrate in an electric field. As has already been mentioned. ZrOj crystallizes with 
the fluorite structure if certain other metallic oxides are present. The cations thereby 
distribute themselves statistically over the appropriate lattice sites while vacancies are 
created in the anion lattice, in amount corresponding to the deficit of oxygen. Thus in a 
mbeed crystal with the composition iZrOj -1- 1 YOj.j. ^ of the anion positions (in statisti¬ 
cally random distribution) are unoccupied. The range of homogeneity of ZrO.-YaOj 
mixed crystals extends from 8.5 to 63 mol-% YOp^. The cell dimension increases over this 
range from 5.12 to 5.23 A. Mixed crystal formation between ZrO^ and CaO or MgO also 
involves the formation of a fluorite-type structure with incompletely occupied anion lattice. 
Thorium dioxide is also capable of forming such anomalous mixed crystals. Pure thoria itself 
has the fluorite structure, and it is possible to incorporate up to 30 mol-‘’o YO^j or up to 
52 mol-% LaOi.5. with the anomalous mixed crystals formed by ZrOj, those derived 
from ThOj display an appreciable electrolytic conductivity at elevated temperatures. As is 
ususal, the temperature-variation of the electrical resistivity can be represented by an 

expression log q-ji = a + — qt xr = e ^ {qx, xr = specific resistance and specific 

conductivity, respectively, at T '‘K). Nernst healing elements made from ThOj-YjOj 
mixed crystals have recently been employed for the construction of electric furnaces which 
can be used in the ordinary atmosphere up to 2000® (Geller, 1941). The interpretation of the 
connection between electrical conductivity and defects (vacancies) in the anion lattice is 
of some importance for the production of ceramics which retain their insulating properties 
at high temperatures. The only substances which can exhibit good insulating properties at 
high temperatures are those in which there are practically no vacant lattice positions. 

The coefficient of expansion of zirconium dioxide is almost as small as that of 
silica glass. This, combined with the outstanding resistance towards acids and 
bases, and its high melting point, make zirconia a valuable material for high tem¬ 
perature refractory articles, such as crucibles. 

Articles manufactured from pure zirconium dioxide have a tendency to crack. Ruff has 
shown that this is the result of the change of modification which occurs on strong heating 
and cooling down again. If magnesium oxide is added, however, the cubic mixed crystals 
mentioned above are formed, and their structure remains unaltered on cooling. Admixture 
with magnesium oxide, or with other suitable additions (c.g., CaO, Y2O3, CcO.^), therefore 
prevents the cracking of articles made from zirconium dioxide. 
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\ aur.llv occurring zirconia .s the usual starling point for the technical preparation of 
Naluran> occurr.r g . hydrochloric acid, in order to remove 

tn converted into zirconium sulfate by fuming with concentrated sulfurm 
',eid m by' fusion with potassium hydrogen sulfate. From the solu.ton of z.rcomum sulfate, 
pure zirconium dioxide hydrate can be obtained by means of ammonia, and this 
vrrirci by ignition into zirconium dioxide. 

-irfomum dioxide hydrate is a white, gelatinous precipitate, of variable water con¬ 
tent. As precipitated in the cold, it is readily soluble in dilute acids. It readily 
forms colloidal dispersions. The gel is much inclined to adsorb acids; as well as 
alkali, and is peptized by both. It is also called ‘zirconic acid , because of its ability 
to hint! alkali. If precipitated hot, preparations arc obtained with a smaller water 
content than is found, at the same temperature, in hydrates precipitated cold. 
Zirconium dioxide hydrate, when precipitated hot, is sparingly soluble in acids, 

and is known as b-zirconic acid. 

Ordinary zirconic acid (a-zirconic acid), but not the b-zirconic acid display, the peculiar 
property of glowing vigorously when heated not too slowly to 300 , and after nearly all the 
later has been given off (cf. a-litanic acid). In this case also, the phenomenon arises from 
the sudden crystallization of the initally amorphous oxide. 


(iV) Zi^conntes. Zirconium dioxide displays a weakly acidic, as well as a basic 
cliaractcr. This shows itself chiefly in the formation of crystalline zirconates from 
melts. The marked adsorptive power of colloidal zirconium dioxide hydrate for 
alkalis is undoubtedly associated with the acidic character of the oxide. 


The adsorptive power for alkalis goes so far that the formation of chernical compounds 
can be simulated. Such products, which in many ways resemble chemical compounds, 
except that their composition is continuously variable, can be obtained, for instance, by 
adding zirconium salt solutions to concentrated caustic alkalis. It may, however, be inferred 
ihat these arc adsorption products of alkali hydroxide on the zirconium dioxide hydrate, 
formed by double decomposition of the salt with the alkali, and arc not chemical compounds; 
this follows both from the variable (and usually not simple) composition of the precipitates, 
and because alkali is lost continuously when they arc washed. 

The zirconates obtainable from melts have been investigated chiefly by Ouvrard. Most 
correspond to the type M'jZrOj (metazirconates); orthozirconates, M»4Zr04 also occur. 
Calcium zirconatc CaZrO, (m.p. 2550°) is isqmorphous with perowskite CaTiO, and with 


CaSnOj. 

The compound CaO • ZrO, • SiO* is isomorphous with titanite (cf. p. 61), and is ac¬ 
cordingly to be considered as calcium zirconium oxysilicatc CaZr0[Si04], not as a mixed 
zirconatc and silicate. 


(ill) Peroxyzirconic add and Peroxyzirconates. By the addition of hydrogen peroxide to a 
neutral solution of zirconium sulfate or acetate, a white gelatinous precipitate is obtained, 
which can be filtered and dehydrated only with difficulty. Schwarz was able to show, 
however, that after extraction with liquid ammonia it had a composition analogous to 
that of the corresponding titanium compound—ZrO, • 2HjO. It is thus a properly defined 
chemical compound, and since iodine alone is liberated in the Riesenfeld-Liebhafsky test, 
without evolution of oxygen, it is a true peroxy compound, perzirconic addy HOOZr(OH)3. 
The compound also results from the action of sodium hypochlorite on zirconium dioxide 
hydrate, or from the electrolysis of a sodium chloride solution in which zirconium dioxide 
hydrate is suspended. Hydrogen peroxide is liberated from it by the action of dilute sulfuric 
acid. It also loses oxygen, even on standing in warm air, but is more stable than peroxy- 
titanic acid. 

By the exchange of an O-atom for the peroxy-group —O—O—, or by combination with 
HjOg, the acidic nature of zirconium dioxide is strengthened to such an extent that true 
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salts with alkalis can be obtained from aqueous solutions. I he alkaliperoxyzircmalr^ and tla- 
alkali zirconate pcToxyhydrates arc soluble in water, but can be pre« ipitaied witli alcohol, by 
working in the presence of an excess o( hydrogen pero.xide, and at low t<-mperatures. 
Schwarz obtained the compound K,ZrO, • 4H,0. • 2H.O. which is analogous to the 
peroxyh>dratc ol potassium titanate cited previously. Schwarz was also able to prepare 
potassium peroxyzirconyl sulfate (potassium disulfatopero.xozirconatc) 


O 

Kj I 'Zr(SO,l, 
O 


3 H: 0 , 


the analogue of the corresponding titanium compound. 


(b) Halogen Compounds 

(i) ^irconium tetrachloride and Zirconium oxychloride. Zirconium tetrachloride can 
be obtained by passing chlorine over heated zirconium, zirconium caibidc, or a 
mixture of zirconium dioxide (or silicate) and charcoal. It is a white crystalline 
powder {d = 2.8) which forms fumes of hydrochloric acid in moist air, and is 
vigorously decomposed by water, with the formation of the oxychloride: 

ZrCl, + H3O = ZrOCli + 2HCI. 

This hydrolysis is not markedly repressed by the addition of much acid. 


Zirconium tetrachloride forms a molecular lattice of the SnI, type (sec Vol. I, p. 531). 
Like titanium tetrachloride, it has a tendency to form addition compounds; thus it com¬ 
bines with up to 8 molecules of ammonia. Many organic compounds containing oxygen are 
also added on. Zirconium tetrachloride reacts with other organic compounds, liberating 
hydrogen chloride, as for example, with benzoic acid: 

Cl^ ^C1 H—OCOCeHs Ci^ ^O—CO-C^Hs 

Zr + = Zr + 2HCI. 

Cl^ \ci H—O.COCeH, Cl'^ \0—COCeHj 

By addition of Gl“ ions to ZrCl4, the weak complex ion [ZrClJ= is formed. The com¬ 
pounds of the type M*g[ZrCl4] {hexachlorozirconaUs) derived from this, are obtainable from 
alcoholic solution. They are immediately decomposed by water, like zirconium tetrachloride 
itself. 


The oxychloride of zirconium formed by reaction of zirconium tetrachloride 
with water {zirconyl chloride) is readily soluble in water, but sparingly soluble in 
cold concentrated hydrochloric acid. It crystallizes in the form of characteristic 
tetragonal prisms or needles of the composition ZrOCl* • 8HjO; these are most 
perfectly formed by the slow cooling of a concentrated hydrochloric acid solution 
of the chloride. The formation of zirconyl chloride is used for the detection of 
zirconium, as well as for its purification. 


Zirconyl chloride can be obtained with a lower water content or quite anhydrous under 
other conditions. Other zirconium oxychlorides are also known. Thus, by precipitating the 
alcoholic solution of zirconyl chloride, ZrOClj, with ether, dizirconyl chloride, ZrgOsCb, is 
obtained. This compound is insoluble in water. It is also deposited slowly (on standing for 
months) from highly diluted aqueous zirconyl chloride solutions. These and other oxy¬ 
chlorides of well defined composition are completely different in nature from the products, 
formerly and erroneously called ‘metazirconium chloride’, which result from yet more 
extensive hydrolysis, or from the action of hydrochloric acid on zirconium dioxide hydrate. 
The latter are actually nothing but adsorption complexes of hydrogen chloride on zirconium 
dioxide, which readily pass into colloidal dispersion. 
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For the reduction of the 'L"'comTot«nd'5'*derived'’'froL them, arc almost 

ex::";;'lik; 1 h:‘:™rrhTo;ra:^ its'derivati^ m behavior. They are also very similar tn 
physir.!] properties a-s the following tabic shows. 


Melting point (under pressure) 
Sublimation point 
Heat of sublimation 


ZrCU 

437 " 

33 «" 

26.0 


ZrBr4 

450" 

357 " 

26.5 




Zrl4 
499 

43 «"C 

29.5 kcal/mol 


r 7^nr anH H over an aluminum wire heated to 45 o"» Young 
By passing a mixture of Zr 4 8 ^ formed at the same lime. The 

(,93,) obtained ^‘teon.uns ^^,“35ofZr vvasobserv 

Zr^'trilMaafby Ehdich (.95^) Unlike TiF., ZrF, decomposes if the attempt is made 
to sublime it in a high vacuum. 

(,,) Zi~ Fluoro,irco.aUs. Zirconium fluoride forms white, 

highly ^efringent monoclinic crystals (tf= 4.6), hardly soluble m water. 

From a solution of sirconium <*‘oxide hydrate mhydrofluonc 

hzes which, from ItscompositionjW^ pp^ nuorozirconylic acid (tetrafluorooxozirconic 
but whnh shoLdd pmb^ ly b J fl^^^des of variom 

Potassium hoxafluorozirconate. K.[ZrF.], (colorless rhombic prisms) is par- 
ticularly stable. Since it is appreciably more soluble in hot water than m cold it 
can easily be recrystallized. It can therefore serve for the purification of zirconium 
compounds. It is also a suitable starting material for the preparation of zirconium 

metal on the small scale. 

Ammonium fluorozirconate, (NH.).[ZrF.] decomposes into ^Hs, HF^d ZrF. ^ 
ventle heating, and U therefore convenient for me preparation of the last-menuoned 
Cpound. Z?F. begins to sublime above 600“. The subl.matton of the fluor.de offers a 
convenient way of separating zirconium from iron and other impurities. 


(c) Salts of 0*y-Acids 

(i) Zirconium sulfate and Sulfatozirconic adds. Anhydroi^ zircomum sulfate, 
Zr(S04)8, may be obtained, as a white powder, by evaporating zircomum dioxide 
or zirconyl chloride with concentrated sulfuric acid*. It dissolves in water with 
considerable evolution of heat. Aqueous solutions containing a large excess of 
sulfuric acid yield a crystalline compound which, from its composiUon, 
ZrO, • 2SO, ■ 4 H, 0 , could be taken as a hydrate of the sulfate first mentioned. 
In reality, however, this is a complex acid, a disulfatooxozirconic acid, usually 
known as zirconyl sulfuric add : 


H.[oZr|g‘J.3H.O 


This inference follows from the observation that, in its solutions, the zirconium 

• The sulfate so obuined always contains an excess of sulfuric acid, according to 
v. Hevesy (1931). This can be completely removed only at temperatures at which a per¬ 
ceptible decomposition of the sulfate occurs. 
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migrates to the anode, not to the cathode, and is thus contained iii the anion. It 
accordingly does not exhibit the precipitation reactions characteristic of tlie 
Zr*-^ or [ZrO)*+ ions. 

Zirconyl sulfuric acid is derived from trisulfalodrconic acid .H2(Zr(SOj)3]. by the exchanijc 
of one SO^ group for oxygen. I his complex separates in long colorless iieecllcs, with j 
molecules of water of crystallisation, from concentrated sulfuric acid solutions. 

In neutral aqueous solution, zirconyl sulfuric acid undergoes hydrolytic di-composition. 
SO4 groups being exchanged for O-atoms or OH-groups. 'I'he so-called basic zirconium 
sulfates resulting therefrom are mostly polynuclear complex compounds—0x0- and 
hydroxo-acids. An example of this is the tctrazirconyl sulfuric acid (octalndroxohexa- 
sulfatotetrazirconic acid). H4[Zr4(OH)^804)5]. 4H2O. isolated by Hauser (1907 ■. of u hh h 
the ammonium salt was subsequently prepared by Rosenheim (1919). These substances of 
high molecular weight may be obtained in well crystallized form, but their aqueous solutions 
display the reactions typical of colloids, (for example, they are unable to diffuse through a 
parchment paper membrane). 

Sul/atozirconaUs. By evaporating mixed solutions of zirconium sulfate and alkali sulfates 
or hydrogen sulfates over sulfuric acid at ordinary temperature, sulfaiozirconatcs are 
obtained: e.g., K4[Zr(S04)4]-4H20*, potassium tetrasulfatozirconate (w'hiie silky needles); 
(NH4)2[Zr(S04)3]-3H20, ammonium trisulfatozirconate. More frequently oxo- or hydroxo 
sulfatozirconates are obtained, especially from warm solutions. To this category belong the 
salts of the tctrazirconyl sulfuric acid already mentioned. 

(n) ^wonyl oxataU and OxatatozirconaUs. Treatment of zirconium salt solutions with 
oxalic acid, yields a white granular precipitate, which consists oizirconyl oxalate, 7 .tO{CjP^). 
containing some water. The compound is hydrolyzed by hot water. 

Zirconium is able to form oxalato-complexes with excess of oxalic acid. For example, if 
zirconium dioxide hydrate is dissolved in a solution of sodium hydrogen oxalate, sodium 
tctraoxalatozirconatc, Na4[Zr(C204)4)-4H20, crystallizes after some time. The arid 
corresponding to salts of this type is not known in the free state, although oxotrioxalato- 
zirconic acid (oxalatozirconylic acid). H4[Zr0(C204)3)-7H20. is known, and can be 
obtained crystalline by evaporating down an oxalic acid solution saturated with zirconium 
dioxide hydrate. 

(hi) Zirconium acetate. If anhydrous zirconium tetrachloride is dissolved in hot glacial 
acetic acid, and allowed to cool, anhydrous neutral zirconium acetate. Zr(C2H302)4, crystal¬ 
lizes out. It is noteworthy that it should be just with the weak acetic acid that zirconium 
forms an undoubtedly neutral (normal) salt. With other salts of zirconium, which appear 
from their composition to be neutral but hydrated salts, it is always possible that they may 
in reality be oxo-acido compounds—as is demonstrably the case with the sulfate. 

Zirconium tetracetate is very unstable. It Joses acetic acid, even on standing over sulfuric 
acid, and is converted into zirconyl acetate, Zr0(C2Hj02)j. The latter is completely 
hydrolyzed by water, as would be expected for the salt of a very weak base with a weak 
acid. The zirconium dioxide hereby formed remains, however, in solution in colloidal form. 
The hydrosol, purified by dialysis, sets to a clear jelly on heating or on addition of salts. 

(iv) Nitrates of Zirconium. By evaporating a solution of zirconium dioxide hydrate in nitric 
acid, colorless crystals are obtained, with the composition Zr0(N03)2-2H20. It is customary 
to call the compound zirconyl nitrate., although the tight binding of the water points to the 
assumption that it is really an oxonltrato zirconic acid. If it is dissolved in absolute alcohol, 
and ether is added, dizirconyl nitrate, Zr20j(N03)2*5H20, is precipitated. A solution of 
freshly precipitated zirconium dioxide hydrate in nitric acid, prepared at ordinary tempera¬ 
ture, and evaporated in vacuo at about 15° over phosphorus pentoxide and sodium hy¬ 
droxide, furnishes large, water-clear prisms corresponding in composition to the neutral 
nitrate, Zr(N03)4-5H20. This compound, which is extraordinarily hygroscopic and readily 
loses nitric acid, is probably to be regarded as a nitrato-acid, perhaps as oxotetranitrato- 
zirconic acid, H2[Zr0(N0,)4]-4H30. 


♦ Water content variable. 
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U-) ;:iTconiuni phosphate and PhosphatozirconaUs. Zirconium orthophosphate, 
should result Iro.u the precipitation of zirconium saltsolutionswith orthophosphor- 
ic acid or sodium phosphate. According to the experimental conditions, however, 
precipitates of variable composition arc obtained. They generally contain more 
phosphoric acid than corresponds to the above formula. It has not yet been estab¬ 
lished whether these are acid phosphates, or whether the excess of phosphoric acid 
is retained by adsorption. In any case, zirconium dioxide hydrate in the freshly 
precipitated slate has an extraordinarily great adsorptive power for phosphoric 
acid, as has stannic oxide hydrate. Compounds which are decomposed by water, 
depositing zirconium dioxide hydrate (e.g., zirconyl chloride or zirconyl nitrate) 
can accordingly be used in analytical chemistry, in place of stannic oxide hydrate 
or stannic chloride, for the removal of phosphoric acid. 

A phosphate of the composition aZrOj-PjOj has been obtained in the crystalline state 
from a solution of zirconium dioxide hydrate in hot syrupy phosphoric acid. The structure 
of this compound is not yet known. Crystal structure analysis has shown that the compound 
of composition ZrOyPjOj obtainable in crystalline form by fusion of zirconium dioxide 
with glacial mctaphosphoric acid is zirconium pyrophosphaU, ZrtPjO,], and not, as wm 
formerly assumed, a zirconyl metaphosphate ZrOlPOj)^. The compound forms a cubic 
ciystal lattice {a = 8.20 A), which is derived from the rock salt structure (Vol. I, p. 209) 
in such a way that the Na+ ions are replaced by Zr*+ ions, and the Cl' ions by the central 
oxygen atoms of the [OjP.O.POj]*- groups. The latter each consist of two tetrahedra of 
O-atoms, built around a P-atom, with one corner in common. The same crystal structure is 
pcx^csscd by Hf[P^07] {c = 8.18 A)» Ti[p207] (fl = 7*®^ A), Si[P207] {g = 7 * 4 ® 
Sn[P20,] (a - 7-89 A). 

Some of the double salts of zirconium phosphate with other phosphates (phosphato- 
zirconates) have the same composition as the double phosphates of thorium prepared in a 
similar manner, but arc not isomorphous with the latter. 

(i»i) Zirconium silicate. Zr[Si04] occurs in Nature as zircon; this constitutes the 
most widely distributed zirconium mineral. It is found, in the form of micros¬ 
copically small crystals, in nearly all igneous rocks, but larger zircon crystals are 



do = 6.58 A, Co = 5.93 A, Si O = 1.62 A. 


The only oxygen atoms shown are those surrounding the silicon atoms that lie in the left 
hand face of the unit parallelopiped. Certain of these O-atoms arc situated outside the unit 

cell depicted in the figure. 
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by no means rare. They are almost iiuariably well shaped, in the Ibrnis ot the 
tetragonal system; they arc generally colored brown by impurities and arc more 
or less opaque. Transparent colorless (Jargon) and colored zircons, expecialK the 
yellow-red hyacinth occurring in Ceylon, India, and New .South Wales, arc used 
as gemstones. They have considerable hardness (7.5 on the Mohs scale), and possess 
the highest specific gravity of all precious stones (up to 4.H; strangely enough, 
zircons with a much lower specific gravity, such as 4.2, also occur). 

Zircon is not isornorphous with rutile, as was I'ormerly believed. It belongs, indeed, to tin- 
same class (holohcdral class) of the tetragonal system, has a similar a.xial ratio to that of 
rutile, and generally occurs in quite similar forms. Nevertheless, it forms no mixed crystals 
with rutile and has a different crvstal structure. 

The crystal structure of zircon is represented in Fig. 18, which shows the arrangement of 
zirconium and silicon atoms. Each silicon atom must be considered as surrounded by 4 
O-atoms in almost regular tetrahedral arrangement. The distance Si «-♦ O is 1.62 A, iht' 
shortest Zr «-»O distance, 2.05 .\. YfPO^]. Y[.As04). and YlVO^j possess the same 
crystal structure as zircon. At 862 . ZrSi04 changes reversibly into a cubic modification. 

•No compound other than zircon (m.p. 2430"’) occurs in the .SiOj-ZrOg system. Up to 
about to moN’^o of SiOj is taken up by ZrOj, with the formation of mixed crystals (Zirnowa, 
> 934 )- 

Double silicates of zirconium, in additioji to the compound CaZr0[Si04) mentioned on 
p. 70, Include the compounds Na,Zr0lSi04] (m.p. I477^ incongruent), .Na4Zr..(Si04]3 
(m.p. 1540*). and NagZrlSijO,), which were found by D’.\ns (1930) in the ternary system 
NajO-ZrOj-SiOa. 


(d) Other Compounds of Zirconium 

(j) Zirconium nitride. Since zirconium, like titanium, combines, directly with 
nitrogen at high temperatures, the metal always contains nitride if nitrogen has 
access during the reduction process. If the Van Arkel and De Boer process for the 
preparation of zirconium by thermal decomposition of the iodide is operated in the 
presence of nitrogen, the nitride ZrN, analogous in composition to titanium nitri¬ 
de, is obtained in very hard, lustrous, metallic crystals (m.p. 2980®), resembling 
silver though somewhat yellowish. This compound, which is extremely stable, has 
a high metallic conductivity (cf. Table 10, p. 50), as does the boride ZrB 
(m.p. 2990®). 

A zirconium nitride of reputedly different composition is obtained by heating zirconium 
tetrachloride, or its ammoniates, to a red heat in a stream of ammonia or hydrogen. Starling 
from the higher ammoniates, ammonia is first split off on moderate heating, with the forma¬ 
tion of the tetrammoniate, which is stable up to above 195°. On stronger heating, zirconium 
amide is formed by elimination of hydrogen chloride, according to the equation 
ZrCl4-4NH3 = 2r(NHj)4 + 4HCI. The amide is stable up to about 250®. If the temper¬ 
ature is finally raised to 350°, it is said that the nitride Zr,N4 is obtained according to the 
equation 3Zr(NHj)4 = Zr3N4 + 8NH3. The compound forms bronze-colored crystals, 
insoluble in all mineral acids except hydrofluoric acid. 

(it) Zirconium carbide. ZrC is obtained in place of the pure metal by the reduc¬ 
tion of zirconium compounds by means of carbon. It forms black, lustrous, very 
hard crystals of metallic appearance, conducts the electric current very well, and 
can be melted by this means (m.p. 3530®). In the fused state, it dissolves carbon, 
which separates again in the form of graphite on cooling. 

The carbide of zirconium is not nearly as stable as the nitride. It is, indeed, not 
attacked by hydrochloric acid, but is attacked by nitric acid, sulfuric acid, and 



3 


SUB-GROUP 4 OF THE PERIODIC SYSTEM 


a(|ua regia. It is also readily dissolved by molted caustic potash. It burns at a red 
I,cat in a stream of oxygen, and under the same temperature condition is converted 
into the nitride by nitrogen. It is much more readily attacked by chlorine, brom¬ 
ine. and iodine. It is thus very suitable as starting material for the preparation of 
tlie halogen compounds of zirconium. 


(ti() Z^ramium Borides. In addition to the borides listed in Table 9, zirconium 
combines with boron to form the compound ZrB,j. This was obtained by Post and 
Glasci (1952), as a black powder. It has metallic properties, like ZrB, and is 

exceedingly hard. 


7. Analytical (Zirconium) 

Zirconium has many reactions in common with the elements of the rare earths. It differs 
from them in giving no precipitate with an excess of oxalic acid, because of the formation of 
soluble oxalatosalts. It is distinguished from the elements of the cerium and yttrium earths, 
and from thorium, in that it is not precipitated by an excess of hydrofluoric acid (formation 
of soluble lluorozirconates). The formation of the oxychloride is also characteristic of 

If turmeric paper is moistend with a zirconium salt solution, acidified with hydrochloric 
or sulfuric acid, and dried on a water bath, a red-brown coloration is obtained. Solutions 
of the rare earths or of thorium do not give this reaction. Titanium(IV) salts interfere, 
howc\er, since they similarly give a brown coloration; this interference can be avoided by 
reduction of titanium to the -1-3 stale. In contrast to titanium, zirconium gives a whiU 

precipitate with hydrogen peroxide. ... l j- j 

Zirconium is delerrnirud quantitatively by precipitation with ammonia as the dioxide 
hydrate, or with hydrogen peroxide as peroxyzirconic acid, and weighing in the form of the 
dioxide after ignition. Microchemkal deUciion is possible by means of rubidium or caesium 
fluorozirconates. The reaction with potassium hydrogen oxalate (formation of tetragonal 
pyramids of potassium tciraoxalatozirconatc) is still more sensitive. Zirconium can be 
detected in great dilutions by means of drop reactions with organic reagents, which give 
colored, very insoluble precipitates with zirconyl salts—c.g., with reagents such as 
/J-nitroso a-naphthol, alizarin, or />-dimethylamino-azo-phenyl arsenic acid. 


8. Hafiuum(Hf) 

Hafnium was discovered in 1922 by vonHevesy and Coster [f2] and named after 
the city of Copenhagen (Latin, Hafniae). It constantly accompanies zirconium in its 
minerals; most zircons contain over 1% of hafnium oxide. That hafnium re¬ 
mained long undetected in spite of this is attributable to the extraordinary’ simil¬ 
arity in chemical properties between these two elements. 

Hafnium has the atomic number 72. It was first shown by X-ray spectroscopy, 
on the basis of the Moseley law, that the element corresponding to this atomic 
number was still unknown. The conclusion was reached that the element of atomic 
number 72 did not, like the preceding elements, belong to the rare earth scries, but 
that it must be a homologue of zirconium. It was to be expected that such an cle¬ 
ment would also accompany zirconium in Nature, and indeed von Hevesy and 
Coster were at once able to detect the new element by means of its characteristic 
X-ray spectrum in every zirconium mineral that they investigated. 

As long ago as 1895 Thomsen had argued from the Periodic System, that another element, 
differing in character from the rare earths but a homologue of zirconium, must fill a place 
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between the < 1 . inents of the rare earths and tantalum. This speculation was also expressed 
later by various odu is. When it became apparent from the \Iosele\’ law that the element 
of atomic number 72 was still undiscovered, most chemists nevertheless considered that this 
element would belong to the rare earth series. Urbain in 191 1 had believed that he had 
discovered a new- element of the rare earth series, which he called CeUium\ Dauvilliers. in 
1922, thought, on the grounds of some admittedly very weak X-ray lines, that the atomic 
number 72 could be assinged to Lrbain’s celtium. In contrast with this, \on Hevesy and 
Coster arguing from the Bohr theor>’ of atomic structure, e-xpected to find that element 72 
would be a homologue of zirconium in zirconium mineraK, instead of a memb< r of the 
rare earths. Bohr had not long previously succe«ded in interpreting the Periodic S\stem 
on the basis of the quantum theory of atomic struc ture. In so doins'. and by considerations 
like those set out on p. iv. he came to the conclusion that tin tare earth series must be 
concluded with element 71. F.lement 72 must accordingly hax« its outer shell constituted 
similarK to titanium, zirconium, and thorium, and in \’iew o( its atomic number, must be 
regarde d as the next higher homologue ofzirconium. It was readily ideniihed by \<»n Ih xesy 
and Coster in the zirconium minerals that they examined, by mc-ans of a large number of 
linc'S of the L-series. I he hafnium content could be inferred from the intensity of the line's 
and it was shown that an enrichment of hafnium could be achieved by fractional crs stalli- 
zaiion of the potassium and ammonium double fluorides of the hexafluoro-t\pe, ili< haf¬ 
nium c ompounds being more soluble. By sufficiently numerous repetitions of the separation, 
the pure hafnium salt can be obtained. 

It has since been shown that hafnium invariably accompanies zirconium in Nature; the 
minerals cyrtoliic. alvitc. naegitc. and malacone are particularly rich in hafnium. Cyriolite 
contains 52.4% ZrO^ and 5-5*^o HfOj. I he hafnium content is highest, as compared with 
the zirconium content, in thortveitite, a very rare mineral occurring in Norwas and 
Madagascar, of which scandium oxide (combined with silicic acid. cf. p. 34) is the 
principal constituent. Thortveitite contains only 1 to 2°y zirconium oxide, but almost the 
same amount of hafnium oxide with it. No mineral has been found in w hich hafnium is the 
predominant constituent. On the average, zirconium is accompanied in minerals by 2 to 
2 - 5 ”u hafnium. Hafnium is not found in as-^ociaiion with any element other than zir¬ 
conium—not even thorium. 

The similarity of hafnium to zirconium, both in the metallic state and in its 
compounds, is greater than that betw’een any other homologous elements. This is 
due partly to the fact that not only are the outer shells of the zirconium and haf¬ 
nium atoms similarly constituted, but the atoms and also the ions are very closely 
similar in size (see Table 8, p. 47). This is connected with the filling of the 
intermediate 4/shell which leads to the occurrence of the lanthanide group. 

The filling of the inner shell, which results in the appearance of the lanthanide group, 
has as its consequence not only a shrinkage in the atomic and ionic radii, but also a dimi¬ 
nution in the polarizing action of the ions. Hafnium ions, in spite of their slightly smaller 
ionic radius are more weakly polarizing than zirconium ions, as follows from the lower 
stability of hafnium complex compounds, as compared with the corresponding compound.s 
of zirconium. /\s a result of the weaker polarizing effect of hafnium ions, the complex 
compounds of this element are unusual, in that they mostly have a larger molecular volume 
than the corresponding zirconium complex compounds, whereas, according to more recent 
determinations (which disagree to some extent with older measurements) the molecular 
volumes of simple compounds of hafnium are uniformly smaller than those of zirconium com¬ 
pounds (see Table 11). Because of its stronger polarizing power, zirconium behaves in many 
respects as if it had a smaller radius than is deduced from its simple compounds. Thus the 
difference in radius between Zr and Hf is compensated (often, indeed a little overcom- 
pensated) by the difference in polarizing effects. The extraordinarily great similarity 
between the zirconium and hafnium < ompounds is thereby accounted for. It is much greater 
than that between niobium and tantalum compounds, even though the atomic and ionic 
radii of Nb and Ta differ from each other even less than do those of Hf and Zr (see Tables 
8 and 12, pp. 47 and 88). Since the niobium ion polarizes more strongly than does the 
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tantalum ion. .t generally behaves as .f it had an appreciably smalUr radius than he 
.antnlum ion. Proper allowance for differences in polanz.ng power does away with the 
discrepancies among the transition elements, which appear at first sight if 
similarity between the compounds of the different homologucs is judged from atomic and 

ionic radii alone. 


TABLE ii 

DKNSITIF.S AND MOLAR VOLUMES OP SI.MPLE ZIRCONIUM AND 
HAFNIUM COMPOUNDS FROM X-RAY MEASUREMENTS 


C’ompound 

ZrOj 

cubic 

HfO, 

cubic 

ZrF, 

HfF^ 

ZrC 

HfC 

ZrPaO, 

HfPjO, 

Density 
Molar vol. 

6.27 

10.43 

« 9-'7 

4.66 

35-9 

7-13 

35-7 

6.613 

15.61 

« 4>9 

' 3-43 

3195 

83.00 

4.278 

82.41 


I he compounds of zirconium and hafnium generally agree very closely in their 
solubilities, as well as in their melting points and volatilities. Even with the ammo¬ 
nium hexafluorosaits (the different solubilities of which have successfully been 
applied to the separation of Zr and Hf), the difference between the solubilities is 
only small. At 2o“, the solubilities are. for (NHJ.CZrFa], 1.050 mols, for 
{NH4)j[HfF,l 1.425 mols per liter. The melting point of hafnium oxide lies about 
100® higher than that of zirconium oxide. The melting points of the carbides are: 
ZrC 3530®, HfC 3890®. 

Larger differences in solubility often occur when the process of dissolution is acconipanied 
by complex formation with some substance present in solution. In general, zirconium is more 
strongly inclined to form complexes than is hafnium. Thus, according to von Hevesy (1930) 
0.017 g-mol. of ZrO, dissolve in i liter of HBr solution at 25®, but only 0.004 g-mol. of 
HfOj. This relatively greatly different solubility is brought about by the difference in ability 
to form bromo complex ions, as is shown by the fact that it at once vanishes if the concen¬ 
tration of the hydrobromic acid is reduced. The solubility behavior of the oxides in hydro¬ 
fluoric acid and hydrochloric acid parallels that in hydrobromic acid. The differences in 
solubility are nevertheless relatively smaller, but the solubilities considerably greater. 

Use can advantageously be made of the different stability of zirconium and hafnium 
complexes for the separation of hafnium from zirconium. Thus, if a solution of zirconium 
and hafnium phosphates in concentrated sulfuric acid is diluted with water, the hafnium is 
preferentially precipitated as phosphate, since it is less firmly held in solution through the 
formation ofsulfato complexes. In this instance, the separation is yet further favored in that 
hafnium phosphate is more sparingly soluble than zirconium phosphate; however, mere 
fractional precipitation of the phosphates from aqueous solution does not achieve nearly as 
rapid a separation as does the process previously described. It is also possible to employ a 
procedure in which zirconium and hafnium phosphates are dissolved in hydrofluoric acid, 
and the phosphatofluorozirconates and -hafnates are fractionated by the addition of boric 
acid (formation of fluoroborate ions) (De Boer, 1927). 

Differences between the capacity of zirconium and hafnium for complex formation can 
be utilized to effect a separation of the elements by much more convenient methods than 
those used by the original investigators. One group of methods involves the preferential 
formation of complex compounds which are soluble in organic solvents—e.g., from thio¬ 
cyanate solution (Fischer, 1939) or by means of complexing agents such as trifluoroacetyl- 
acetone (Schultz and Larsen, 1950) or thenoyltrifluoroacetone (TTA) (Huffmann and 
Beaufait, 1949). A second group of methods is based on selective adsorption from solutions 
in which the zirconium and hafnium are present as complex ions. Methods which arc 
convenient on the laboratory scale and on a larger scale are adsorption on to silica gel from 
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concentrated hydrochloric acid solution in incthvl alcohol, whereby hafnium is prefer- 
entiaUy adsorbed (Beyer, Jacobs and Mastdlcr. J. Am. Clum. Soc.. 74 (3952). 825), and the 
use of Jon exchange resins to take up either the uncoinplexed cations or the acido-complex 
anions present in solution (Huffmann and Lilley. 1949). The general procedure is to adsorb 
the n^ed elements on to a column of the adsorbent or resin, and to pass a suitable complex¬ 
forming solution through the column to elute the adsorbed material. The effect of a deep 
bed of adsorbent is to multiply the separation which would be achieved in a single step of 

adsorption followed by elution, and thereby to achieve a great degree of fractionation in 
one operation. 

Zirconium and hafnium compounds naturally often differ considerably in density. This 
difference can be used for the determination in a simple way of the hafnium content of 
zirconium preparations. The density of i>ure zirconium oxide, obtained by careful thermal 
decomposition of the sulfate, followed by ignition at looo^ is 5.73 at 20 ; that of hafnium 
oidde prepared in similar fashion is 9.68. The percentage hafnium content x of an oxide 
mixture with the density s at 20'^ may then be calculated by means of the formula 


9.68x 

100 


5 - 7 3 (»oo — X ) 
too 



or: 


X 


ioo{s— 5.73) 
9.68 


9. Thorium('ni) 

(a) Occurrence 

Thorium occurs principally in monazite, a mineral which is not rare, on the 
whole, although it is accumulated in only a few places. Monazite is an isomorphous 
mixture of the phosphates of the rare earth metals; besides these, it contains from 
1-18% of thorium oxide, predominantly in the form of silicate, possibly in part as 
phosphate also. 


Other rare earth minerals also almost invariably contain thorium. Pure thorium 
miner^, on the other hand, are quite rare.Thoriumsilicate,ThSi04,whichis isomorphous 
with zircon, occurs in a more or less decomposed condition in Norway, as orangeiU and 
thonU. The deposits there, however, are almost exhausted. ThorianiU, occurring in Ceylon, 
consists chiefly of thorium oxide, ThOj, but contains appreciable amounts of uranium 
oxide as well. Uranium is, in fact, almost always encountered in greater or less amounts in 
thorium minerals. 

(b) History and Preparation 

Thorium, in the form of its oxide, was discovered by Berzelius in 1828 in a 
Norwegian mineral. The element was named after the old Norse god of thunder, 
Thor, and the mineral was called thorite. Berzelius attempted to isolate the metal 
by reduction of the double fluoride or the double chloride with potassium or so¬ 
dium, but because of the great affinity of thorium for oxygen, nitrogen, and other 
elements, and because of its high melting point, he was only very incompletely 
successful. The methods of preparation worked out later, which depend for the 
most part on the reduction of the chloride with sodium, have also almost always 
led to a more or less impure metal. Pure thorium has only been obtained quite 
recently, by the method of Van Arkel and De Boer, i.e., decomposition of the 
iodide on an incandescent filament, as described for zirconium. 

(c) Properties 

Thorium in powder form is grey; and in the compact state resembles platinum 
in appearance; the metal is soft and ductile, and its mechanical properties are not 
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afToc.ed a small oxide . ..men,. (For melting point and density, see p _44y 
Except wlicn cxtiemel) pure, tl.e metal is hardly, or only slowly, attacked by 
dilute acids, tn lading li d.onuoric acid. It dissolves readily, however, in fu^mg 
Indro. hloric a. id, and especially in aqua regia. It is stable towards caustic alkalis. 
At about 500 , thorium unites vigorously with the halogens, and at higher tem¬ 
peratures with nitrogen also. With the latter it forms a brown nitndc Th,N.. 
Thorium burns in a si earn of oxygen to the oxide ThO., wit^h a very great evolu¬ 
tion of heat (cf p 45). Thorittiii in powder form reacts with hydrogen at 300 400 

with ineandescence fhe product, after cooling, is a black powder which contains 

•i atoms of H to I of! h. , u u j 

It has been shown that thorium forms two distinct compounds wdh hydrogen 

I hH, and ThHj. The former has been investigated by neutron diffraction, and 

shown to have the same slniclnre as ZrH,. 

At devated u mpc att.n-.s thorium also unites directly with phosphorus and with sulfur. 
It forms the phosph.d.-s ThV and Th3P, (Biltz and Metsel. 1938-9) and the sulfides 

1 hS. ThoS,. ThS, and IhjS <Biltzi94i). r 

R. latiCely litth is yet known of the behavior of thorium towards other metals T. 1 able 
9. p 48 y) Only 0.014 ‘torn- of thorium dissolves in mercur>' at 2^ (Parks 


(d) Uses 

Metallic thorium ha as yet. found but limited technical applications*. The 
oxide, on the other hand, is of great importance in the fabrication ol incandescent 
gas mat 1 le and as a high grade refractory. Thorium oxide is also used as an id^t- 
ive to Miiigsten for metal lilainent lamps to increase the lilt of the filament (On 
the use of thorium oxide in the preparation of single crystal filaments from tungsten, 
sec p. 174) In X-ray diagno'iu work, thorium oxide is used, because ol its high 
absorptive power for X .i s. as a contrast medium in the examination of the 
digestive organs; it also finds other uses in medicine. Recently, considerable quan¬ 
tities of thorium oxide have heen consumed in preparing the mixed catalysts for 
the l''ischer-Tropsch hydrocarbon synthesis Thorium fluoride, mixed with other 
salts, is ^.lid to be a suitable filling material for cored carbons for arc lamps 
Thorium nil'ale. mixed with magnesium powder, is used for flash powders. 

There has Itch an over-production of thorium because of the decline of the gas mantle 
industiw. whi' h acfompanied die displacement of incandescent gas ligliiing by electric 
light lig Til- - lore new possibilities of employing the metal or its compounds have been 
sought in re. en' ye.irs. Whereas the thorium compoun<ls formerly constituted the main 
prodiK t in working op monaziie sand, they now represent only a by-produ< t because of the 
steeply rising appli< ation of compounds of cerium, lanthanum, neodymum, praseodymium, 
and other rare earth mci.ils A> a consequence of the increasing technical use of the rare 
earths. th<-. onsumption of moiia/ite has greatly increased in recent years, after a temporary 
decrease. In I934> prodiniion 111 Brazil amounted to 580 tons, and in British India to 
1025 tons (in 1935. to as much as 3880 tons). It is likely that the technology of nuclear cner^ 
will create a new I mand for thorium as a starling material for the production of fissile 
material in breeder’ piles (sec Chap. 13). ”*U is formed by the nuclear reactions 

“5 Th Th ^ “ Pa ^ ^ U. 

* li is used ch efly as an additive to (he alloys which find application for the heating 
elements of < lectTic furnaces, to lower the rate of oxidation, and as a means for combining 
with rexidual g.is (a geUor’t in high vat uum technology. 
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lo, Compoiiiicls of* Thorium 

1 hoi luni U fleciropositive and almost exclusively quadrivalent in its compounds. 
1 horium(I\ ) compounds arc, in general, colorless; the simple compounds which 
are soluble in water dissociate to form colorless Th** ions. The hvthoxide of 
thorium possesses purely basic character: the salts readily suffer hydrolysis in warm 
solutions. Most thorium salts are able, with the salts of more strongly basic metals, 
to enter into the formation of double (complex) salts (acido-thorates). The aliility 
to form numerous double salts is particularly notewortliy in the case tif thorium 
nitrate, since nitrates generally display little tendency for the formation of such 

compounds. The solubility of the double carbonates of thorium possesses signific¬ 
ance for analytical and preparative purposes. 

Compounds of invalent and bivalent thorium include the iodides ThI,. ThL (D’Eye 
1949, Hayek 1949) and ih.- corresponding bromides {Hayek 1950). The monoxide ThO is 
known as a surface compound, and the sulhdes Th.S. Th,S,. and Tln.S,., are also known. 

The starting material for the preparation of most thorium compounds is the 
nitrate, or the oxide obtained from it by ignition. The nitrate is prepaix'd tech 
nically from monazite sand. This is a brightly colored mixture of graviiy-con- 
centrated heav'v minerals of all sorts, the sandy weathering products ol rocks 
containing monazite. It occurs in deposits of enormous size, in some places on the 

Brazilian sea coast, in Carolina in the United States, in New South Wale-', m 
India, etc. 


The crude monazite sand is first considerably enriched in monazite by mechanical on- 
dressing processes. Its commer< iai value is determined by the content of thorium oxide 
which ordinarily amounts to 4-5O0 in the purified sand. The sand is opened up with 
concentrated sulfuric acid at a moderate temperature; after being cooled down, du-solidified 
mass is dissolved in cold water, and the thorium is precipitated as phosphate, along with the 
rare earth rnctals, by neutralizing the solution. The phosphates are dissolved in concentrated 
hydrochloric acid and thi oxalates precipitated with oxalic acid. When the W( I] wa-shed 
precipitate is extracted with warm soda solution, the bulk of the rare earths remain behind, 
undissolved, while the thorium goes into solution as a complex carbonate. It is frei d from 

earths sull remaining by repeated crystallization as the sulfate, 
Th(S04)2-8H,0, being at each stage precipitated as hydroxide by means of ammonia this is 
then reconverted to th. sulfate by dissolving it in sulfuric acid. The nitrate is obtained by 
finally dissolving the hydroxide in nitric acid. If the nitrate is to be obtained absolutely 
pure, special procedures must be employed. 


(a) Oxide 

(i) Thorium oxide (thoria), ThO,, remains behind on the ignition of thorium 
hydroxide Th(OH)4 (or thorium dioxide hydrate—see below), or of the thorium 
salts of volatile acids, as a white powder, which may be dense or voluminous 
according to the mode of preparation. Its density is 9.87. By melting it with a flux, 
such as borax, the oxide can be converted to a distinctly crystalline form; it 
crystallizes in the cubic system (fluorite structure, a = 5.57 A). Crystallized or 
strongly ignited tliorium oxide is practically insoluble in acids, but can be readily 
brought into solution by converting it to the sulfate by fusion with alkali hydrogen 
sulfates, or evaporation with concentrated sulfuric acid. It is not attacked by 
fused alkali carbonates, however, nor by molten caustic soda, since ThO* (con¬ 
trast Ti02, ZrOj and HfO,) is not capable ol salt formation with basic oxides. 
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,t IS obtained in the form ol a ^ ^ , . broueht into solution by treatment with 

filaments. 


When solutions of thorium salts are treated with ammonia or with alkaU 
hydroxides, a white gelatinous precipitate is obtained, which is customarily called 
thorium hydroxide. Whether this is really such, or merely the hydrogel of a particul¬ 
arly reactive form of the oxide, is not yet known. In structure, the precipitate is 
amorphous. Only after heating for a long time under the solution from which it is 
precipitated docs it give X-ray interference rings and these then correspond to 
those of crystalline thorium oxide. The fresh precipitate readily dissolves in acids, 
and avidly absorbs carbon dioxide from the air; it thus has fairly strong toic 
properties. It does not dissolve in caustic alkalis, but does, however, in alkali 

carbonate solutions, as a consequence of complex salt formation. 

Pure thorium dioxide does not possess the property of emitting a brilliant light 
at the temperature of incandescence, as zirconium dioxide does. However, if it 
contains small amounts of colored rare earths—e.g., cerium oxide it luminwco 
with extraordinary brilliance when brought into a flame. This is the basis of the 
use of thorium in the gas mantle industry, which was initiated by Auer von Wels- 
bach, and which was at one time very important. In the year 1913, about 150,000 
kg were utilized in the form of the nitrate for this purpose, and more than 3000 tons 
of monazitc sand were used for the production of this quantity. It is true that 
incandescent gas lighting has been very largely displaced by the rivalry of the 
metal filament electric lamp; nevertheless, it is still used extensively in some parts 
of the world, especially for street lighting. Incandescent mantles are aUo widely 
used with vapor-type oil burners, where electricity supplies are not available. 


The extraordinary luminosity of thorium oxide impregnated with a little cerium oxide is 
attributed to the fact that thorium oxide radiates but little heat, and so is heated to a high 
temperature in the Bunsen flame, whereas the admixed cerium oxide has the property of 
emitting a very intense light at high temperatures. Pure cerium oxide luminesces but Uttle 
when introduced into the Bunsen flame, for the reason that is has the property of radiating 
not only much light, but also much heat simultaneously; as the emission of light increases 
strongly with temperature, and pure cerium oxide does not attain a very high temperature 
in the Bunsen flame because of its strong radiation of heat, its high emissivity for light can 
only come into play when the cerium oxide is embedded, in relatively small amount in 
thorium oxide, with its low emissivity for light and heat. Only in this way can it attain the 
high temperature necessary for strong luminosity in the Bunsen flame. In general, a mixture 
of 99% thorium oxide with i % cerium oxide has shown itself to be the most satisfactory 
(cf. below). For a mantle prepared with this mixture, the maximum emission lies in the 
short-wave length part of the spectrum. For this reason, the incandescent gas light has a 
white color, tending towards greenish, as contrasted with the more reddish light of other 
incandescent bodies. 

For the practicable utilization of incandescent bodies, two fiirther properties arc of 
importance. Thorium oxide possesses these in higher degree than all other oxides which 
might come into consideration from their thermal-optical properties; namely, extra¬ 
ordinary resistance to heat, and involatility. The last is also essential for the utilization of 
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cerium oxide, since this must not show any tendency to sublime out oi tlie nlas^ in the 
course of time. 

To produce the skeleton of the mantle, a ‘stocking', woven from ramie liber, is im- 
pregnated with a mixture of thorium and cerium nitrates in the right proportions, l or 
ordinary gas mantles, solutions with 99-0-99-2'’,. thorium nitrate and i.o o.H(cnuin 
nitrate are used: for high pressure inverted gas mantles, up to 3“., c< i ium nitraie is « in- 
ploycd. After drying, the fabric is burned. The skeleton of ash remaining, consisting 
^entially of a mixture of the oxides of thorium and cerium, is stabilized for handling and 
dispatch by dipping it in a solution of collodion, which is easily removed by burning it oil. 

in) Thorium oxide peroxyhydnile. Hedrogen peroxide throws down a white, slimv pre¬ 
cipitate from thorium salt solutions. Like the corresponding precipitates from titanium and 
zirconn^ salt solutions, this has the properties of a hydrog. l and < an be dehydrated only 
with difficulty, .\fter extraction with liquid ammonia, it has the composition rh.,( .(). 

It contains 3 g-atoms of active oxygen to 2 g-aioms of thorium, but on the basis of the 
Riesenfcld-Liebhafsky test it is to be considered not as a true peroxide, but as a peroxv- 
of thorium oxide—i.e.. as an addition compound of thoria w ith hydrogen peroxide 
2 I hOo-3HjOo H ;.0 (Schwarz 193',). The compound is more stable than are the peroxy- 
acids of titanium and zirconium. How’ever. it cannot form peroxy salts with alkalis as they 
do. The inability of thorium to form a true peroxy acid is apparently conditioned by ihr 
more strongly basic nature of thorium. Corresponding to this and. unlike zirconium 
thorium forms no pcroxy-double sulfates. 


(b) HaUdes 

(1) Thorium chloride, 1 fiC!*, forms colorless needles ofdensity 4.59, in.p. 765 , and 
b.p. 922^ the compound sublimes at about 750® in a vacuum. 7t may be obtained 
by passing a mixture of chlorine and carbon monoxide, or of carbon tetrachloride, 
over thorium oxide heated to a red heat: 


ThO^ -r 2CO -h 2CU = ThCI, -f 2CO,. 

Thorium chloride dis.solvcs in water with the evolution of much heat, undergoing 
^tensive hydrolytic decomposition in the process. It is also readily soluble in alcohol. 
Hydrates of thorium chloride* and also under some conditions hydrated oxychlorides, 
crystallize when solutions of thorium hydroxide in dilute aqueous-alcoholic hydrochloric 
acid are evaporated. 

Thorium chloride can add on other chlorides, with the formation of double salts of the 
type 2M^ChThCl4, or M'2[ThCl4]. Like the chlorides of titanium and zirconium, it also 
forms addition compounds with ammonia (ThCh-eNH, and ThCl4-8NH3), with organic 
amines, and with numerous organic oxygen compounds. As with zirconium chloride, many 
of the compounds with the latter are not simply formed by addition, but involve simul¬ 
taneous elimination of hydrogen chloride. Thus, with bcnzaldehyde: 

Cf. ^CI H.CO.C4H5 Cl^ ^CO.CeHs 

4- = Xh + 2HCI. 

Cl^ '^Cl H.CO.C4H5 Cl^ '^CO.C.H, 

thorium dibenzoyl 
dichloridc 

(11) Thorium bromide and thorium iodide closely resemble thorium chloride in their be¬ 
havior. Oxyhalides are derived from these also. Thorium bromide is less inclined to form 
addition compounds than is thorium chloride, and no addition compounds of thorium 
iodide are known. 

(mV) Thorium fluoride and FluorothoraUs. Thorium fluoride, ThF4, may be obtained in the 
anhydrous state as a white powder by passing hydrogen fluoride over anhydrous thorium 
chloride or bromide, heated to about 400®. Thorium fluoride containing water of crystalli¬ 
zation, ThF4*4H20, also a white powder, results from the action of hydrofluoric acid on 
thorium hydroxide. It is insoluble in water and in excess hydrofluoric acid, and so is formed 
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„ s,,la.inous prccipitalc, later becomirtg granular, when thorium salt solut.ons arc 

h. tact that only a few fluorosalu derived from thorium fluonde arc known may well 
!„■ I m.Mccted with the insolubility of the parent com^und; the concentration 
rmni fluoride present in aqueous solution docs not suffice, m general, for the formation of 
the apparently weak fluorothorate complex. Only when the salts derived from the latter 
.,re likewise sparingly soluble can they «btainc^ from aqueous The known 

,onqmunds correspond in composition to the types M‘[ThFsl and M .[ThF,]. 


(c) Salts of Oxy-Acids 

it) Thnrwm nitrate and Xitratothorates. The simple nitrate of thorium, Th{N03)4, 
(i vstallizcs from solutions of thorium hydroxide in nitric acid, and has a water 
( imu iitvai yingwiththe conditions of preparation. In the cold, it crystallizes from 
not loo strongly acid solutions with 12 molecules of water. It is very readily soluble 
in vvatcr and in alcohol. The aqueous solution reacts acid, because of hydrolysis, 

an<l slowly deposits basic salts. 

I liorium nitrate has been found partii ularly suitable for the preparation of the 
oxide skeleton of the gas mantle, since the oxide formed from it by ignition has a 
paiticularly fine slate of subdivision, as is desirable for this purpose. The nitrate is, 
accordingly, prepared technically on a large scale. The commercial product is 
generally the 4-hydrate; it usually contains a little sulfate also. 

I horiuin nitrate combines very readily with the nitrates of univalent and 
bivalent metals, to form beautifully crystallized double (complex) salts. The 
majority of the double nitrates of thorium (niiratothorales) correspond to the type 
M'.[ThiNOaiJ. The alkali salts of this type are anhydrous, the alkaline earth salts 
all contain H molecules of water of crystallization. In addition, hydrated alkali 
niiratothoratcs of the type M'[Th(N03)5] also exist. 


(,i) Thorium acetate. Th(C2H30,)4, separates in colorless needles when a solution of 
tliorium hydroxide in acetic acid is evaporated. Precipitates of basic acetates are obtained 
wlicn thorium salt solutions, treated with sodium acetate, are boiled. 

) Thorium sulfate and Sulfatothorates. Anhydrous thorium sulfate, Th(S04)j, forms a 
white powder, readily soluble in water. It is obtained in a not quite homogeneous state by 
c.aporating thorium dioxide with concentrated sulfuric acid. Hydrates crystallize from 
the aqueous solutions. According to Meyer, it may be obtained pure by the careful de- 
hydr.ition of the octahydrate. It is converted into the oxide by strong ignition in the blow¬ 
pipe tlamc. The hydrates of thorium sulfate which crystallize from the solutions possess 
(I ffe I g ater contents, according to the conditions of preparations. The octahydrate 
rh(SO,b »HjO is obtained by the evaporation, at 30-:j5®. of a thorium sulfate solution 
containing only a small excess of sulfuric acid. It is unstable, however; the forms stable, in 
toni.ict with the solution, arc the enneahydrale below about 45®. and the tetrahydrate at 
high< r temperatures. 

By lie addition of alkali sulfates to thorium sulfate solutions, complex salts are formed, 
most beuig fairly sparingly soluble—the sulfatothorates correspond to the types 


M«aTh(S04),], M'4(Th(S04)4]. M*,[Th(S04)4] and M«e[Th{S04)4]. 

(ij Thorium oxalate and OxalatothoraUs. Thorium oxalate, Th(C204)j*6Hj0, results as a 
precipitate, insoluble in water and in dilute acids, when thorium salt solutions are treated 
with oxalic acid or alkali oxalates. Complex salts (oxalatothorates), principally of the type 
M'JThi 0204)4], can be isolated from the solution of thorium salts in excess aqueous alkali 
11 alate. 


b ) (.arbonatothoraUs. Thorium hydroxide and many other sparingly soluble 
(Minpound.s of thorium can readily be brought into solution by means of water 
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containing alkali carbonate or antnionium carbonate. I'his arises IVoni tlie Ibr- 
niation of complex salts—carbonatothorates, M’f[Th(C03),]—which are readily 
soluble in water. Their solubility permits of the separation of tliorium horn the 
rare earths accompanying it in monazite (cf p. <Si). 


(i-j) Thorium phosphate and Thorium silicate. Thorium metaphosphate, Th(P03)j. he 
isolated from the melt of the dioxide and phosphorus pentoxide; apparently no well tlefmetl 
compounds can be obtained by precipitating thorium salt solutions with alkali phosphates 
or phosphoric acid. 

By melting thorium dioxide and quartz together, silicates are obtained—ThSi.Og and 
ThSi04. The latter occurs in Nature as orangeitc (greasy-lustrous, transparent or translucent 
orange colored crystals), or in a highly weathered slate as black, opaque thorite. 


(d) Other Compounds of Thorium 

(i) Thorium carbide and Silicide. Thorium carbide, ThCj, is formed by heating thorium 
oxide with carbon in an electric furnace. The pure compound forms yellowish crystals. 
It is decomposed not only by dilute acids, but even by water; \arious hydrocarbon.s, 
priricipally acet>lene. together with hydrogen, are thereby evolved. Thorium silicide, 
FhSi^. which is formed under similar circumstances when silicon is used for the reduction 
of the oxide, is less rt-adily attacked. 

.\ccording to Brauer, ThSi. has a tetragonal structure, with a highly symmetrical and 
regular arrangement of the atoms. Isotypic with it are LaSi^. the silicides of the lanthanide 
elements Cc. Pr and Nd. and the silicides of the actinide elements. USi.. .NpSi^ and Pu.Si... 

Thorium nitride, I hjN^. is formed by heating metallic thorium, or a mixture of thorium 
oxide and Mg, in an atmosphere of nitrogen. It forms a yellow to yellow-brown powder, 
which is stable towards heat if air is excluded. If heated in air, it ignites and burns to ’fhO... 


II Analytical (Thorium) 

In its analytical reactions, thorium resembles zirconium. Like the latter it is precipitated 
as the white oxide hydrate by ammonium sulfide, and by alkali- or ammonium hydroxide 
or by barium carbonate. It also resembles zirconium in that the precipitate thrown down 
by ammonium carbonate is soluble in excess of the precipitant. It may be differentiated 
from zirconium by its behavior towards oxalic acid and in dilute mineral acids. It dissolves, 
however, iri ammonium oxalate, but is reprecipitated from the solution on the addition of 
hydrochloric acid. It is further distinguished from zirconium in that it is precipitated by 
hydrofluoric acid, even from dilute solutions. 

Thormm is precipitated as the oxalate from acid solutions along with the rare earths, 
from which it can be separated by taking advantage of the solubility of its hydroxide in 
alkali- or ammonium-carbonate solutions, or by precipitation as the oxide peroxyhydrate. 
According to Meyer and Speter (1911), thorium, (even in very small amounts), can be 
detected in the presence of rare earths, by the precipitation of the iodatc from strong nitric 
acid solution. 

For quantitative determination, thorium is generally separated as the hydroxide or oxide 
peroxyhydrate, and converted by strong ignition to the oxide, in which form it is weighed. 
It can also be precipitated quantitatively as the iodate. 
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CHAPTER 4 


FIFTH SUB-GROUP OF THE PERIODIC SYSTEM: 

THE ACID EARTHS 


Atomic 

numbers 

Symbols 

.\tomic 

weights 

Densi¬ 

ties 

Melting 

points 

Boiling 

points 

Specific 

heats 

\’alcnce 

states 

23 

Vanadium 

V 

50.95 

5 - 9 ® 

.715" 

about 3500° 

0.1203 

II. Ill, 
I\'. \’ 

4 * 

Niobium 

Nb 

92.91 

8.58 

> 950 ° 

about 5100° 

0.0645 

II, III, 
I\', V 

73 

Tantalum 

Ta 

180.95 

16.69 

3010® 

about 6000“ 

0.0333 

II, in. 

IV, V 

9 * 

Protactinium 

Pa 

231 

15-37 


about 4200® 

— 

IV, \ 


I. Introduction 

(a) General 

The fifth Sub-group of the Periodic System comprises the elements vanadium 
niobium, tantalum, and protactinium. In accordance with their group number, 
these elemenls are normally pentapositive. Although definitely metallic in character 
in the elementary state, they are decidedly acidic in their normal oxides, the 
pentoxides. This is true of vanadium, niobium, and tantalum at least—and for 
this reason their pentoxides are also known as the acid earths (i.e., acid-forming 
metal oxides), or as the earth acids. Protactinium is one of the natural radioelements, 
and is the parent element of actinium (cf. Chap. 11). It has been but little in¬ 
vestigated chemically, as yet, because of its rarity and the difficulty of extracting it. 
In accordance with the general rule in the Periodic System, it appears that the 
basic character is more strongly developed in protactinium than in the first three 
members of the group, which are not capable of forming simple salts in aqueous 
solution even with the strongest acids. 

Like the elements of the 5th Main Group, those of the 5th Sub-group can form 
compounds from lower valence states, as well as from the +5 state. However, 
although the tendency to assume a lower positive charge than 5 units increases with 
increasing atomic weight in the 5th Main Group, it decreases in that direction in the 
5th Sub-group. Thus, treatment of solutions with zinc and acid reduces +5 
vanadium to the bivalent state, and -{-5 niobium only to the trivalent state, 
whereas tantalum compounds are not reduced at all under these experimental 
conditions. 
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In cniurast with the elements of the 5th Main Group, those of the 5th Sub- 
.mup like the elements of the Sub-groupsof the Periodic System generally—never 
function as electronegative constituents of salt-like compounds. This accords with 
their position, since they are not closely followed by the group of inert g^es, 
which have electron configurations of special stability. Also connected with their 
electronic configuration is the fact that the elements of the 5th Sub-group do not 
form gaseous hydrides. They form alloy-like hydrides, however, like those found 

in the 4tli Sub-group. 

Xrrording to Sieverts, i g of vanadium at ordinary temperature can absorb 157 « of 
hydrogen under atmospheric pressure, i g of niobium 104 cc, and l g of tantalum 55.6 cc. 
\t -,oo the corresponding figures are 19.0, 47.4, and 14.8 cc; at 1000 2.3, 2.8 and 1.4 cc. 
By variation of the hydrogen pressure, the amounts absorbed arc approximately proportion¬ 
al lo tlie square root of the pressure, at temperatures above 600°. At lower temperatures, 
f)ecause of the formation of compounds, the absorption of hydrogen increases much more 
strongly with increase of pressure. At room temperature and atmospheric pressure, i g-atom 
of vanadium takes up 0.71 g-atom of hydrogen, 1 g-atom of niobium takes up 0.87 g-atom, 
and I g-atom of tantalum, 0.90 g-atom (the corresponding quantities at 500 and 1000 , 
respectively, are 0.09, 0.39, 0.24, and 0.01. 0.02, 0.02 g-atom of hydrogen). Hagg (1930) 
has established by X-ray investigations that tantalum can take up to 12 aiom-% of hydrogen 
into its crystal lattice; at higher hydrogen contents, Ta^H is first formed, and at higher 
hydrogen contents still. TaH. The structure of the latter resembles that of zinc blende 

(distance Ta <-» H = 1.901 A). 

X'anadiurn, niobium, and tantalum crystallize with the body-centered cubic 
structure (cf. Vol. I, p. 210, Fig 47) with a = 3.034, 3.299, and 3.298 A, re¬ 
spectively. They thus resemble the alkali metals in crystal structure, but have 
considerably smaller atomic radii. The atomic radii of Nb and Ta are identical, 
within the error of measurement. The ionic radii also differ but little from one 
another (cf. Table 12). The compounds of niobium and tantalum are, accordingly, 
verv similar in behavior; nevertheless, the similarity is not as great as that between 
the compounds of zirconium and hafnium (cf. p. 77). 

TABLE 12 


APPARENT ATOMIC AND IONIC RADII OP GROUP VB ELEMENTS 


Element 

Vanadium 

Niobium 

Tantalum 

Atomic radius, A 

1.32 

>■43 

>-43 

Radius of 4-valent ion, A 

0.61 

0.69 


Radius of 5-valcnt ion, A 

ca. 0.4 

0.69 

0.68 


The elements of the 5th Sub-group are usually considered to be among the rarer 
elements. For vanadium this statement should be qualified with the proviso that 
minute amounts of this element are encountered in numerous minerals, although 
actual ores of vanadium are of rare occurrence. Protactinium, which always oc¬ 
curs in Nature along with radium, since both are formed by radioactive decay of 
the same clement (i.c., from uranium or one of the isotopes of uranium; cf. pp. 536 
et seq. for further details), is even rarer than radium. 

The heats of formation of the pentoxidcs, in kcaJ/g cquiv. of metal are: [V,OJ 37.3, 
[NbjOj] 46.3, [TajOJ 49.3. For the same quantity of metal they are thus considerably 
smaller than the heats of formation in the 4th Sub-group (see Table 6, p. 45). As with the 
latter, they increase with increasing atomic weight of the metal. 
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TABLE 13 

MISCIBILITY AND COMPOUND FORMATION BETWEEN METALS OF SUB-GROUP V 

AND OTHER METALS, INCLUDING CERTAIN NON-METALS 

(Symbols have the same meaning as in Table 9, see p. 49) 


Main Groups 



■ Be 

Mg 

1 ^ 

1 

;r c ■■ 

1 Si 

II N 

P 

As 

s 

Se 

V 

' Be^V 

i 

I 

1 

1 

i 

1 

VB, 

i 100' 

1 

' j > 0 
A 1 ,V? 
AIV? 

/VI Vj? 

S > 0 

^'sC 

V.C 

V4C3 

1 VC* 

' « 750 ® 

1 

/ 0 
\\Si 
VSi., 
1654" 

1 

1 - 
1 \\N? 

1 ^'2N 
VN 

VNj? 

V3P 

\\P? 
V P ^ 

VP 

VP, 

; \'As 

J VAs, 

1 1 

1 1 

\ 1 

1 

ws 

V s 
; VS,? 

f 

1 

1 

1 

VSc 

1 

1 

1 "" 


— 

1 

1 

— 

f 

S 0 


f 

i 

JO 

f 

Nb 


\ —^ 

NbB^ 

>3000® 

1 

1 

t 

AJjNb? 

NbjC 

NbSig 

NbjN 

i NbP 

NbAs' 

NbS i 

a//q}\f 

1 

1 

t 


NbC 

3500® 

1 

i^b 4 N 3 i 

NbN j 

jNbjN^? 

\ NbP, 

1 

Nb,S 3 


Ta 

1 

1 

4 

1 

1 

com^ 

pound 

, 1 
• t 

1 

i 

alloys 

TaBj 

>3000® 

Al3Ta? 

I 

Ta^G 

TaC 

3900" 

TaSi, 

1 

TaN 

Ta3N,? 

TaN,? 

S 0 ? 

Tap 
Tap, j 

S 0 

1 

1 1 

1 

S 0 1 

TaS 1 
TaS’o 1 
TaS3 1 

1 

1 


Sub-groups 



Cr 

Mo, W 

Mn 

1 

Co 

1 1 

Cu 

Ag 


— 

— 

J > 0 ? 

s 00 

s < 00? 

S 00 

liq ~ 0 

lig — 0 








s 0 

s 0 

V 



MnV? 

[FeV] 

0 

0 

0 

0 





1234® 








1 

s > 0 


s > 0 



Nb 

alloys 

— 

MnjNb 


CojNb 

NijNb*? 







1660® 

1380® 






1 

Fe,Nby 


Ni,Nby 

1 

I 




1 


s > 0 

s > 0 

s <c 00 


lig 00 

Ta 

Cr^Ta 

alloys 

MnjTa 

Fe^Ta 

CojTa 

NiaTa 

*545^ 

NiTa* 


s 0 







1580® 




(b) Alloys 


Our knowledge of the alloys of the 5th Sub-group metals is still fragmentary, 
as Table 13 shows. The reasons for this are the same as with the alloys of the metals 
of the 4th Sub-group. Precise knowledge is extant only for their behavior towards a 
few metab of the Sub-groups (Fe, Ni, Cu, Ag) which are of particular technical 
importance, as well as for a few systems, of alloy-like nature, in the formation of 
which non-metals are concerned. 
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Hihz has investigated the systems Nb-S and Ta-S. tcnsiometrically and with 

X-rays t iL been shown that neither Nb or Ta can incorporate appreciable amoun^ 
of sXr in their crystal lattices, but that the sulfides of these elements may w.de^ 

in composition. I hey thus have the character of non-Daltonide majority 

of iIh si sulfides can be obtained with the composition represented by the ideal form^a, 
since the latter generally corresponds to one of the phase boundaries. The monosulfide 
of niobium, NbS. for example, can take up no excess of in 

but can, however, incorporate up to about 1 atom of excess Nb. The scsquisulfide NbjS,, 
on the other hand, can lake up no excess of niobium, but up to as much as 5 atoms of excess 
sulfur CNbS/). Tantalum forms a trisulfide TaS, which can take up excess sulfur but no 
excess of tantalum, and a disulfide TaS, which can likewise take up exet^ sulfur and in 
such quantities, indeed, that its S-content can even exceed that of TaS,. In addition, 
tantalum forms at least one lower sulfide (TaS?), likewise of variable composition 

It may be mentioned that V can apparently be alloyed with Pt. It has also been es¬ 
tablished that Ta and Nb can form mixed crystals with each other m all proportions. 
Nothing is known as yet of the systems V-Nb and V-Ta. 


2 . Vanadium (V) 


(a) Occurrence 

Vanadium is fairly widely distributed in the earth’s crust, but nevertheless very 
rarely occurs in large quantities. Until a few years ago the most important ore for 
the technical extraction of vanadium was palromte {a vanadium sulfide), which 
occurs principally in a vast deposit in the Peruvian Andes, at an altitude of 5500 
meters above sea level. At present, the South West African and Rhodesian vana¬ 
dium ores (cf. p. 92) are far more important. The first vanadium mineral to be 
discovered was vanadinite, (vanadium lead ore), occurs 

principally in Mexico and other South American countries, and also in Spain. 

In Colorado and Utah, and also in South Australia, eamotiU is found. This w« formerly 
worked on account of its radium content, and is again being worked for uranium; it furnishes 
vanadium as a by-product. RoscoeliU should also be mentioned; this is a vanadium-con¬ 
taining silicate of complex composition, which occurs in Colorado, California, New South 
Wales, and South Australia, chiefly in a sandstone of characteristic green color (vanadium 
sandstone). Before the discovery of patronitc and carnotile, this was the most important 
vanadium ore. 

Small amounts of vanadium are often found in lead ores, and occasionally in 
copper and iron ores also. 


(b) History 

In 1830 a new element was discovered by Sefstrom in an iron possessing notably 
good malleability and originating from the ores of Taberg in South Sweden. This 
he named vanadium after the Norse goddess Freyja, who abo bore the name 
Vanadis (i.e., goddess of the Vanir*). 

Twenty nine years before this, vanadium had already been discovered by the Mexican 
mineralogist del Rio, in a lead ore from Zimapan in Mexico, and had been first called 

* The Vanir are a race of gods in Norse mythology, equivalent to the Aesir. The Saga 
recounts that Freyja, descended from the Vanir, came with her brother Frcyr, the god of 
peace, to the Asen, by exchange of hostages. 
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Panchrom (from the Greek ,t 5 v and ‘the all colored') because of the varied color of its 

oxides, and then crythronium (ep.jOi^oc, red) on account of the beautiful red color of its 
heated salts. Del Rto did not succeed, however, in definitely establishing the indiv.duaiitv 
of the substance he had discovered: in fact, he himself later concluded that there liad been 
confusion with chrom.um. The lead ore of Zimapan was, nevertheless, in reality a vanadium 
ore, as was established by Wohler as soon as he heard of Scfstrdm’s discovery. It received 
the name mnadimu. Vanadtum was at first considered to be a homologue of chromium until 
the English chemtst Roscoe. in 1867. recogni/cd without doubt that it belonged to tlie same 
family as phosphorus—i.e.. to the Vth group of the Periodic System. 

(c) Preparadon 

In the technical extraction of vanadium from patronite, tlie rock containitig this 
ore is first melted, with the addition of fluxes, in a reverberatory furnace The 
specifically denser impurities are thereby deposited, while the vanadium passes 
into the slag. Since tlic preparation of pure vanadium metal is very diffictilt, allovs 
of vanadium are usually prepared for technical purposes, and especially the iron 
alloy, so-ca]Xed ferrovanadium. Ferrovanadium is generally prepared by the alumino- 
thermic process, in which the vanadium-containing slag, mixed with powdered 
aluminum and iron, is heated to redness in crucibles, with the addition of fluxes 
(borax and fluorspar), and is then fired in the usual way. The process can also be 
carried out on a larger scale in shaft furnaces. 


The preparation of almost pure (98-99^0) vanadium metal w'as effected by Ruff and 
Martin, by alummoihermic reduction of the trioxidc in a magnesia crucible (with the 
addition of carbon), the rcgulus so obtained being remelted in the vacuum arc furnace, 
poring (»934^ obtained pure vanadium in powder form by the prolonged heating of V'Cb 
in a stream of hydrogen, a method already applied in principle by Roscoc, in 1870 Com- 
pact, completely pure and therefore ductile vanadium is obtainable by the filament irrowth 
process of De Boer and Van /^rkel. ** 


(d) Properties 

When almost pure, vanadium is a steel grey metal, of relatively low density but 
very high melting point; it is extremely hard, but may be ground and polished. 

According to Ruff, absolutely pure vanadium melts at 1715'’, but even a small carbon 
content suffices to raise the melting point considerably. Thus Ruff found the melting point 
to be 2185 for vanadium with 2.7% carbon, and 2700^’ with 10% of carbon. Any oxygen 
or oxide content also leads to elevation of the melting point. Since the amount of the ele¬ 
vation is simply related to the content of carbon or oxygen, it is possible to extrapolate with 
certainty from the melting points of metal samples with varying amounts of impurity to the 
melting point of the pure metaL 

In the compact state, vanadium is not affected at ordinary temperature by air, 
by water, or by caustic alkalis. It is also resistant to non-oxidizing acids, with the 
exception of hydrofluoric acid. It dissolves in strongly oxidizing acids such as aqua 
regia and nitric acid. When ignited, the finely divided metal burns in compressed 
oxygen, predominantly to the pentoxide V2O5. Lower oxides are also always 
present in the products of combustion. 

The heats of formation (according to Siemonsen and Ulich, 1940) are, for V2O3 296; 
for VO2 171; for VjOj 373 kcal/mol. Vanadium can incorporate up to 0.4 atom-% of 
oxygen in solid solution. Its crystal lattice is thereby deformed tetragonally (in the same 
way as is a-iron, through incorporation of carbon—cf. pp. 263-265). 

When metallic vanadium is heated in a stream of nitrogen, vanadium nitride, VN, is 
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• • j 1 (cf Tabic I 'll . Vanadium combines when it is 

obtained. Oll.crnitndcs are aUo said to exist (cl 3 ) conditions of 

„..a„.d with obtaine^by he“,i„g lanadium and silicon 

(for other carbides see Table 13). 


(c) Uses 

1 he chief field of application of vanadium is in the iron and steel mdustry[/J. 
X-anadiu.n has the property of making steel and cast iron stronger tougher, more 
ductile, and more resistant to shock and impact. This is particularly important in 
the airplane-engine and automobile-engine industries. The 

0.2% of vanadium serves to bring about the results indicated. They depend in part, 
like the efTects of titanium, on the strong de-oxidizing action exerted by vanadium; 
in addition to this, there is a specific efifect of vanadium on the texture of the alloy. 
Alloys of vanadium with other metals, as for example with copper, nickel, or 
aluminum, have proved useful for certain purposes. 


Compounds of vanadium arc suitable as oxygen carriers for many purposes. They ‘bus 
be visc^l for the catalytic oxidation of organic compounds—c.g., for the preparation of 
aniline black by the oxidation of aniline by means of potassium chlorate or pot^ium 
clichromatc. Their uses in the preparation of phthalic anhydride by 
naphthalene, and especially as catalysts for the manufacture of sulfuric acid by the contact 
process (cf. Vol. 1 , p. 707) arc of very great industrial importance. It is also advantageous to 
use vanadium compounds as catalysts in the preparation of borate peroxyhydratw (so- 
called ‘perborates’) since they accelerate the addition of oxygen. Vanadic acid and sodium 
vanadate also find therapeutic use. Vanadium compounds are also used to some extent for 
photographic purposes; thus compounds of trivaicnt and quadrivalent vanadium may be 

employed as developers. 

The world production of vanadium amounted in 1935 to about 630 tons. 50/0 01 the 
ores consumed in this came from South West Africa, 27.5% fro"' Northern Rhodesia, and 
only 10.6% from Peru, which in 1930 had been the principal source of vanadium ores. 


3« Compounds of Vana di u m 

Vanadium forms four important oxides: 

VO Vanadium monoxide (vanadium(II) oxide), black, density 5 * 7 ^! 

VjOj vanadium sesquioxidc (vanadium(in) oxide), black, density 4.87; 

VO, vanadium dioxide (vanadium(IV) oxide), dark blue, density 4.40; 

VjOj vanadium pentoxide (vanadium(V) oxide), yellow red, density 3 - 34 * 

In addition to these oxides which correspond to well defined valence states, Acbi 
has shown that there is an intermediate oxide V,, 0 ,,. This oxide, like the complex 
oxides which are formed by molybdenum and tungsten also, is related in principle 
to the ‘anion deficient’ structures referred to (p. 69) in discussing the ZrO,-Y,Oa 
mixed crystals. Whereas in the latter the vacant oxygen sites are distributed at 
random throughout the crystal lattice, in these complex intermediate oxides the 
‘defects’ are ordered, to build up a regular repeating pattern in the crystal lattice. 

Each of the four valence states of vanadium represented by the most important 
oxides gives rise to a series of vanadium compounds. 
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1. Vanadium^!I) Compounds. \ aiiadiuni(II) hydroxide, \’(OH)2, functions as a 

base; its salts are compounds of the type X’X,. These are capable of forming double 
salts or weak complex salts [acidovanadatcs(II)]. Examples ofsimplevanadium(ll) 
salts are: X’CIj and V’SO^ - (isomorphous with EeSO, ■ yHjO); complex 

salts: K,[V(GN)e] • sHjO (isomorphous with K,[Fe(CN)6]*3H30). 

2. { anadium{III) Compounds. Salts ol tlie type \'X3 and the corresponding com¬ 
plex salts [acido vanadates(III)), are known. The tendency to form acido com¬ 
pounds is more strongly marked with irivalent vanadium than with bivalent, but it 
is weaker than, for example, with trivalent iron, chromium, aitd cobalt. The most 
stable of the vanadium (I II) salts arc the sulfate and the suirato\anadic(I II) acid, 
H\'{S04)2 ■ 6H3O derived from it. 

3. Vanadium{IV) Compounds. T he oxide of quadrivalent vanadium is able to form 

salts with both acids and bases. Compounds of the latter type arc called hypo- 
vanadates. Salts obtained from aqueous solution in which the vanadium dit)xide 
functions as the basic constituent arc all of the type [VOJX2 salts), and not 

of the type X'X^ (where X is a univalent acid radical). In the compounds, the 
positive divalent radical [\'0]" (vanadyl) plays a role correspondittg to that of a 
bivalent heavy metal. It exists in aqueous solution as a bright blue ion. The acido- 
salls derived from the vanadyl salts are termed oxovanadates{IV), in accordance with 
the general rule for naming coordination compounds (cf. N’ol. I, p. 406 et seq.). 
Many vanadium(I\') compounds—e.g., the tetrafluoride and also the alkali 

salts of the sulfatoxovanadic(IV) acid, H2[(V0)2(S04)3j, undergo decomposition 
into vanadium(III) and vanadium(V) compounds when they are heated. 

4. Vanadium(V) Compounds. V^anadium pentoxide, VjO;, is an acidic oxide. The 
salts derived from it are called vanadates \ the simplest correspond to the type 
M‘3[\'04] (orthovana \ates), and thus are analogous in composition to the salts of 
orthophosphoric acid. 


Exchange of 0 ®“ ions in orthovanadates by radicals of hydrogen peroxide, O,*“>produccs 
peroxyvanadates, salts of the acids H3[V02(02)2] and H3(V(02)4]. The oxygen atoms of the 
vanadates can also be exchanged by sulfur, thus forming the thiovanadates, e.g.. (.NH4)3[VS4], 
ammonium orthothiovanadate. Finally, halogeno salts and other acido salts [acido- 
i'anadales{\')] arc also derived from penta-valent vanadium: e.g., KjtVOjFj], potassium 
dioxotrifluorovanadate(V). 

Vanadium(II) compounds were formerly designated as vanado compounds, and 
vanadium(III) compounds as vanadt compounds. However, this terminology is inexpedient, 
for reasons given earlier (see Vol. I). According to the international rules for naming 
inorganic compounds (see supplement I) the valence should now quite uniformly be denoted 
by Roman numerals: e.g., vanadium(V) oxide, vanadium(III) chloride. 



Vanaclium(n), (III) and (IV) Compounds 


(a) Vanaclium(II) Compounds 

(1) Vanadium(II) oxide (vanadium monoxide), V'O, (with 47-56 atom-% O) is obtained 
as a black powder (density 5.23), insoluble in water, and with a metallic luster in tlte com¬ 
pact state, when vanadium oxytrichloride, VOCI3, or vanadium pentoxide is reduced by 
suitable means—e.g., by heating the latter compound to 1700'’ in hydrogen. It has a good 
electrical conductivity. It dissolves in acids with the formation of vanadium(II) salts. 

VO forms a crystal lattice of rock salt type {a = 4.081 A). It is stable only at high 
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tcmpcrafurcs. When cooled slowly it decomposes into V-O mixed crystals and a higher 
oxide (Klernm. 

) V,vvidium{Il) hydroxide, V(OH),. is thrown down as a brown precipitate when alkal 
is a<lded 10 vanadium(II) salt solutions. It has not yet been obtained pure, on account of 
iis extraordinarily great tendency to be oxidized. 

(lit) Vanadutm{ll) chloride (vanadium dichloride), VCI,, is obtained in the form of bright 
green Icatleis with a micaceous luster, when a mixture of hydrogen and vanadium tetra¬ 
chloride is passed through a red hot tube. It is very hygroscopic. The aqueous solution, 
fnitially violet, soon turns green because divalent vanadium is oxidized to the trivalent 
state w ith the evolution of hydrogen. Vanadium{II) chloride dissolves in alcohol with a 
blue-, and in ether with a greenish yellow color. The different colors of the solutions indicate 

the formation of solvates. 

(iy) yanadium(II) sulfate, VSO,-7HaO. results from the reduction of sulfuric acid solutions 
of vanadium(V) by means of zinc, sodium amalgam, and other metals. The preparation 
can best be done by electrolytic reduction at a mercury cathode. Although the tendency of 
vanadium!II) sulfate to be oxidized is also so great that it gradually decomposes water 
itself (i.e., the reaction + H, 0 + V+++ + iH, -h H ,0 proceeds spontaneoiuly), 

it can nevertheless be deposited in the crystalline state by suitable experimental technique. 
It then forms red-violet monoclinic crystals VSOi ^HjO which can form mbeed crysuls 
with other sulfates of the type M«'S04'7H20 (the vitriols). It is strictly isomorphous with 
the vitriols, and depending on the other partner, it can crystallize not only in the mono- 
clinic form, (as for example with FeS04-7Hj0, iron vitriol), but also rhombic, (as for 
example in mixed crystals with magnesium sulfate, MgS04*7Hj0). 

(e) SulfatovaruidaUs{II). Vanadium(n) sulfate readily forms double salts of the type 
VSO4 M'jS04-6Hj0 with alkali sulfates. These are sparingly soluble; although rather more 
stable than the simple vanadium(II) sulfate, they also are oxidized very readily. 

(ei) Potassium hexacyanovanadaU[II) crysUllizcs in the form of brownish yellow crystals, 
K4[V(CN)4]-3 HjO, when alcohol is added toa vanadium(II) saltsolution treated with an 
excess of potassium cyanide. Like the analogously constituted potassium hcxacyano- 
frrratc(II), this compound gives precipitates with most bivalent metals, but it is much less 
stable than the iron compound. 

(b) Vanadiuin(III) Compounds 

(i) Vanadium{lll) oxide (vanadium sesquioxide), VjO,, may be obtained by the reduction 
of vanadium pentoxidc at high temperatures by means of hydrogen, carbon, or potassium 
cyanide. It forms a black lustrous, crystalline, extremely infusible powder which has the 
corundum structure, a = 5.43 A, a = 53*53'- 

VjOj forms a double compound with FeO, FeO-VjO,, with spinel structure, which 
forms solid solutions with metallic iron (Mathewson, 1932). There is no double compound 

VjOj with VO; however, the oxygen content of the compound can be lowered to 57 
atom-% (corresponding to the composition VOj.js) without any structural change en¬ 
suing. 

V, 0 , is said to be an excellent catalyst for hydrogenation reactions. (Komarewsky and 
Knaggs, 1951). It has the advantage of not being poisoned by organic sulfur compounds. 

(ii) Vafiadium{III) hydroxide, V(OH)„ is obtained as a Bocculent green precipitate by 
treating vanadium(III) salt solutions with alkali or ammonia. It absorbs oxygen with 
extreme avidity. 

(m) Vanadium{III) chloride (vanadium trichloride), VCIj, can be obtained by heating 
VjOi with SjClj in a sealed tube at about 300® (Funk, 1940), or through thermal de¬ 
composition of VCI 4 . It forms peach blossom colored, lustrous crystal leaflets, resembling 
anhydrous violet chromic chloride; it is not volatile, and is transformed into a mixture of 
oxychloride and pentoxide when it is heated in air. 

In water, acidified to prevent hydrolytic decomposition, vanadium trichloride dissolves 
with a greenish color. Provided that oxidation by atmospheric oxygen is avoided, green 
hygroscopic crystals of the composition VCla- 6 H ,0 are deposited from the solution on 
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evaporation, a behavior corresponding to that of cliromium and iron. \ anaduini 'I H) 
chloride yields intense colorations with many organic hydroxy acids in aqiict^us solution, 
e.g., an amciltyst violet with salicylic acid, and a deep red coloration with tneconii acid. 
The latter can be used for the detection of opium (Woynolf. 1934'- 

The bromide, \ Bts, displays behavior similar to that of the chloride, except that it is 
appreciably less stable. The iodide, \ I3, may be obt.jim-d b\’ direct union of the t ompoiu nts 
above 150 , as a black-brown hygrosco[>ic crystal powder (densitv y.j . sparing!) sohil)ie in 
water and more soluble in absolute alcohol. It decomposes into I. and \ 1 .,. whert heated at 
280^^. The latter forms mica-like Icallels (density 3.0 . insoluble in absolute alcoliol. It may 
be sublimed at 800 , and bc-gins to decompose into I. and \' above 1000 (Moreite 1938;. 

These vanadium(II 1 1 halides apparently have only a very small tendency to form double 
(complex) salts. 


(it') \ anadium{ 111 ) Jltwride and hluorovanatlatei{IIl). TIu- fluoride of lri\alent v.inadium 
possesses a marked tendency to form double sails. \’anadium(lll) lluoride itself is obtained, 
in the form of dark green rhombohedral crystals of the composition Xd-'j-jH/). by the evapo¬ 
ration of a solution of \ anadium{IIi 1 hydroxide- in hydrolluoric acid. 

The double Huorides of tri\-alent vanadium [lluorovanadates(II 1 )] mostly corresjjond in 
composition to the type M'gX’F^; this formula takes no account of their water content. The 
double fluorides of this type formed with the Huorides of bivalent metals contain 7 molecules 
of water of crystallization and probably have the constitution [\'F5(H_.0)]. 

(y) Vanadiumilll) sulfate. Sulfatovanadxcfll) acid and Sulfatovanddalef{!JI). When a 
solution of vanadium penioxide in sulfuric acid is reduced—e.g., electrolytically—a green 
solution is obtained from which green lustrous silky needles of the composition 
Vj(S 04)3-H2S04* rzHjO are deposited, if the concentrations of vanadium and of sulfuric 
acid arc sufTtcient. By careful healing at 180 ', this is changed into a substance having the 
composition of the neutral sulfate, \'j(S04)3, a yellow powder insoluble in water, alcohol, 
and ether. The first-mentioned compound is probably to be rcgard<rd as a sulfatovanadic(III) 
acid H[\'(S04)2-6H20], from which are derived salts much as the green ammonium 
disulfatovanadatc(ni), NH4[\'(S04)2).(3H20. There arc also numerous compounds of the 
type M‘V(S04)2. I iHjO—i.e.. of the alum type—which can also be obtained from the 
solution of the compound mentioned, and which arc distinguished from it and from tlie 
first-mentioned scries of sulfatovanadales(III) only in that they contain an additional 
6 molecules of water. The vanadium double salts of the alum type arc mostly more or less 
distinctly violet in the cr>’stalline state*. In (concentrated) aqueous solution, on the other 
hand, the salts of both series arc green. (In more dilute solution a brown to yellow coloration 
appears, in consequence of hydrolysis.) 

Trivalent vanadium is remarkably stable in the sulfato salts mentioned. Even in solution, 
these salts arc oxidized only slowly by atmospheric oxygen. 


(yi) OxalatovaruidaUs{III). Green monoclinic crystals of alkali irioxalatovanadates(lll), 
M'3[V{C204)8*3H20], separate out when a solution of vanadium pentoxide in oxalic acid, 
containing alkali oxalate, is evaporated in a vacuum after electrolytic reduction. These are 
only weak complex salts. Their solutions are therefore oxidized in air, whereas the solid 
salts arc stable in air. 


(vii) Potassium hexacyanovar\adate{lIl), KsfVlCN)^], is formed when vanadium(III) salt 
solutions are treated with potassium cyanide in excess. The salt is more weakly complexed 
than the corresponding compounds of trivalent chromium, iron, and cobalt. Nevertheless, 
the aqueous solutions behave substantially differendy from solutions which contain free 
ions; they do not have the green color of the latter, but a wine-red color which is to 
be ascribed to the [V(CN)4]^“ ions. 

(viii) Thio(yatiatovanadates{III). These compounds of the type M'3[V(SCN)e] (with a 
varying content of water of crystallization) are only weakly complex, and are soon ex¬ 
tensively decomposed on dissolution in water. The solid salts, such asNa3[V(SCN)6]* izHgO, 
K,[V(SCN)g]-4H20, and (NH4)3[V(SCN)8]-4H20 are notable for lively and beautiful 
colors, and their dichroism or polychroism. The ammonium salt, for example, appears 
blackish-green in the compact state, but red in the powdered state. 


* The rubidium and cesium salts each exist in a bluish-violet and a red modification. 
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VanadiumaU) (vanadium scsquisulfidc), V.S,, may be obtained in the form 

of a eJy black powder or as graphite-likc leaflets, by heating vanadium(III) oxide in a 
stream of hydrogen sulfide, or by heating vanadium pcntoxide m carbon disulfide vapor 
It -00 It is very resistant towards non-oxidizing acids, but dissolves dilute nitric acid, 
with concentrated nitric acid it may even inflame. Ignition -n a current of hydrogen converts 
\ S, into the monosulfide VS. This crystallizes with the NiAs-type structure - 3 - 34 - 
. - VTA) as also do the monosclenidc VSe (« = 3 . 58 . ^ = 5-98 A) and rnonotellunde 
VTe (I - 3.80. c = 6.12 A). The compounds \'Se, and VTc, crystallize with the brucite 

''The naturally occurring sulfide of vanadium, patronite. a Icad-grey ore, with a metallic 
luster on a fresh cleavage surface, (rf = 2.46, hardness 3 - 5 ) contains ^^nsid^raWy 'nore 
sulfur than corresponds to the composition of the sesquisulfidc. Accor^ding to Klemm (1936) 
and Biltz (1939), a higher sulfide of vanadium with a variable sulfur content, probably 

corresponding to patronite, can be prepared in the laboratory. 


(c) Vanadiuni{IV) Compounds 


(,) lamdiurnilV) oxide (vanadium dioxide), VO„ may be obtained by mild reduction 
of vanadium pcntoxide \', 0 »-e.g., by fusing it with oxalic acid. It forms very deep blue, 
almost black lustrous crystals (density 4.654)-or. in some circumstances, a dark green 
powder It readily dissolves in acids and alkalis, especially on warming, and thereby dis- 
plays its character of an amphoteric oxide. It has no action on either red or blue litmus paper. 
It is oxidized to the pcntoxide by concentrated nitric acid, or by heating it in air. VOg 
(also NbO.) forms a rutile-type crystal lattice, a = 4.54, c = 2.88 A (for NbOg a — 4.77, 

c = 2.96 .A). J L L • \Tf^ 

Scliolder (1953) has obtained several types of vanadate(I V) compounds by heating VOg 

with the alkaline earth oxides in a high vacuum. These compounds correspond to the types 
M'A Oa, M‘'g\'04 and M''5\ 05. 


(ii) Wmadium Tetrachloride and Vanadyl Chloride. Vanadium tetrachloride (vanadium(IV) 
chloride) forms a dark brownish-red, heavy oily liquid, which solidifies only when it is 
chilled with liquid air. The boiling point is 154^ its vapor density corresponds to the 
formula \ C;i4. Above the boiling point, however, decomposition takes place fairly rapidly, 
into solid vanadium trichloride and chlorine; it already occurs slowly at ordinary temper¬ 
ature. Water immediately brings about partial hydrolysis according to the equation 
\ C:i4 f H.O = X'OClg + 2HCI. The preparation of pure vanadium tetrachloride is, 
therefore, not entirely sample. The compound can be prepared by the action of chlorine on 
metallic vanadium, vanadium nitride, or vanadium silicide, or by passing a mixture of 
vanadium oxytrichloridc, VOCl,, and excess of sulfur monochloride through a tube heated 
to dull redness. The tetrachloride is separated by fractional distillation from the by¬ 
products formed in this reaction. No dou^ble salts of vanadium tetrachloride are known. 

Ihe vanadyl dichloride (vanadium(IV) oxychloride), VOClg,resulting from the hydro¬ 
lysis of the tetrachloride is also formed by the action of concentrated hydrochloric acid on 
vanadium pcntoxide: 


VgOj -h 6HCI = 2VOClg + sHgO + Cl*. 


The elimination of chlorine is accelerated by the addition of mild reducing agents, such as 
alcohol or hydrogen sulfide. For the preparation of vanadyl dichloride in the pure state, it 
has been found most convenient to heat vanadyl trichloride with zinc in a sealed tube at 
400’: 

2VOCI3 -f- Zn = zVOClj + ZnQg. 


\’anadyl dichloride is hereby obtained in the form of lustrous, grass-green, hygroscopic 
cr>’stal plates. The aqueous solutions are variously colored, mostly blue or brown. 

With pyridinium chloride and quinolinium chloride, vanadyl dichloride forms double 
salts having the composition VOClg.2RCI (blue) and VOClg.4RCI (green)*. 


* The salts crystallize in hydrated form. 


4 


VANADIUM(1I. Ill, I\ ) COMPOUNDS 


97 


\'anadyl dibromidc, \ OBrj, rcsoniblcs the dichloridc in behavior. In the atiliydrous 
state it is an ocher-brown powder; its aqueous solution is blue. Neither vanadium lotra- 
bromide nor any tetraiodide or oxyiodidc of vanadium is known. 

{ill) Varuidiuni tetrajluoride and FluoTovtina(i(itcs{I\’). Vanadium telrafiuoride (variadium(I\’) 
fluoride), VF4, is obtained in the form of a very hygroscopic brown-yellow powder (Kulfi 
by the prolonged boiling of vanadium tetrachloride with anhydrous hydrofluoric acid. 
When heated above 300in a current of nitrogen it decomposes (disproporiionatcM into 
vanadium trifluoride and pentafluoride. It is hydrolyzed by water. In the presence of other 
fluorides, double salts cr>-stallizc from the aqueous solution {pKojiuoToinnadaUiUV ^ which 
correspond chiefly to the type -c.g., 

{NH4)J\'0F,.H,0] and [Ni(H,Oi,] [VOF^ H.O]. 


The potassium salt, however, crystallizes anhydrous, and the anhydrous ammonium 
salt has the composition corresponding to the formula (NH4)3[\’OF5). 

There is some evidence for the formation of the compound by dry methods, 

although the existence of this substance has not been established with certainty. 


(if) Vanadyl Sulfate and Oxosul/atovatuidates{IV). Anhydrous vanadyl sulfate, X’O.SO,. 
exists in two modifications—one soluble and one insoluble in water. 'I'he latter is obtained 
by heating the acid vanadyl sulfate, 2V0S04-H2S04, to 260 with concentrated sulfuric 
acid. It forms a grey-green, finely crystalline powder, which changes into the blue soluble 
form w'hen it is heated at 130*^ w’ith a little water. Various hydrates of vanadyl sulfate have 
also been obtained, the colors of which vary from bright blue to dark blue. On prolonged 
standing, aqueous solutions of vanadyl sulfate deposit green vanadium dioxide, 
consequence of hydrolysis: 


as a 


VOSO4 + HjO = \'Oj -H HjSO,. 


From solutions containing an excess of sulfuric acid, bright blue hydrates of the 'acid 
vanadyl sulfaU', 2V0S04-H2S04, cr>'stallize on evaporation*. A few double salts (with 
alkali sulfates) are also derived from this compound—for example, K2S04-2V0S04, bright 
blue microscopically small quadratic plates. If these double salts are formulated as sulfaio 
compounds: M'2[Vg02(S04)3], the 'acid vanadyl sulfate' must correspondingly be regarded 
as dioxoirisulfato divanadic acid(I\ 0 . H2[V262(S04)s]. Another series of double salts of 
the vanadyl radical, (also known only in the form of hydrates of the alkali compounds) 
has the composition M'2S04-V0S04. These compounds, which separate in the form of 
fine dark crystals when concentrated solutions of salts of the first series are treated with 
alcohol, should be formulated as oxodisuIfatovanadate(IV) salts, M'2(V0(S04)2]. 

If the double sulfates of the first type [dioxotrisulfato divanadates(I V)] are fumed down 
with concentrated sulfuric acid, disuIfatovanadates(III), M’[V(S04)23, are obtained; at 
the same time, an equivalent amount of V*'' is transformed into (disproportionation). 
Oxidation to V'' does not take place if ammonium salts constitute the starting material, 
since the NH4-*- ion reduces V’' to V«''. 

Boiling concentrated sulfuric acid partially transforms compounds into Vv com¬ 
pounds, with evolution of SOg, so that equilibrium is established between and V''. 
Conversely, a partial reduction to V*'' salt is brought about by heating VjOj with boiling 
concentrated sulfuric acid, oxygen being evolved. (Auger 1921, Sieverts 1928). 

Vanadyl sulfate can frequently be used with advantage for the polentiometric titration 
of weak oxidizing agents (del Fresno 1933). 

(y) SulfilovanadatesfV). In addition to the oxodisulfitovanadates(IV), which correspond 
in type to the sulfato salts cited previously, there is also a second series of sulfitovan- 
adates(lV): 

M'2[Va06(S03)2]. 

* The range of existence of the 5-hydrate extends to about 100*. The 3-hydrate crystal¬ 
lizes at 120®, the 2-hydrate at 150°, the J-hydrate at 175°. The compound crystallizes 
anhydrous at 190®. 
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w) H rv O (SO ) l-lJHiO. from which these are derived, is also known. It has 

compounds) contain the vanadium m a complex amon (Koppcl 1903). 

(ri) OxaUtovanadaUs(IV) arc readily obtained by treating vanadiurn pentoxide with 
oxIhc fcld rwo series of such complex oxalates of quadnvalent vanad.um are known: 


M',[V0(Cj04)a] and MS[V,02(0,04)3]. 


I hcy are blue or greenish blue. Oxalate ions cannot be detected in the soluUons of 

oxalic acid is knp. 

Other organic oxy compounds—e.g., tartaric acid, salicylic acid, catechol,—also form 
con plex compounds with the vanadyl radical, of the same t>ye as the oxalate of the first 
seriermentioned above. In these compounds the H atoms both of the carbonyl groups, and 
of the alcoholic or phenolic hydroxyl groups arc substituted by an equivalent amount of 

vanadium. 

(vii) Thi„cyanalovamd^Us(IV). Vanndium(lV) ions similarly form no compounds of the 
f,rst order with thiocyanate ions, but do form compounds of higher order-«ofc/™M|^ 
cyanalovanadaUs^V), M',[VO(SCN).]. The tendency for their formation rnust be quUe 
l onsiderable, since the characteristic blue color of the thiocyanatovanadate(IV) ion ap¬ 
pears at once on addition of SCN- ions to a solution of vanadic acid. For the preparation 
of the salts, the reduction of to V‘v can conveniently be promoted by adding sulfurous 


acid. 

(t-iii) HybovanadaUs. As has already been mentioned, vanadium dioxide dissolves in 
caustic alkalis. Salts arc deposited from sufficiently concentrated, warm ^lutions; these 
compounds contain the vanadium in the anion and are called hypovanadaUs. The crystallized 
alkali hypovanadates correspond to the type M>|[V40,]-7H,0. 

(m) VanadiumilV) sulfitU and ThiovanadaUs{IV). Soluble thiokypovamdaUs (thiovana- 
datcs(IV)) of as yet unknown composition are formed by the action of hydrogen sulfide on 
solutions of alkali hypovanadates. If acid is added to their solutions a black sulfide, which 
later turns brown, is precipitated ; the composition of this sulfide is not known with cer¬ 
tainty. 


5* Vaiisidium(V) Gompouncls 

(a) Vanadiuni Pentoxicle 

Vanadium pentoxide (more strictly divanadium pentoxide), vanadium(V) oxide, 
V,Oi, can be prepared by heating the so-called ammonium metavanadate, 
NH4VO3 (probably ammonium tetravanadate, (NH4)4[V40i,], cf. p. 100 to a red) 
heat in platinum crucible: 

aNH4VO, = V,04 + aNH, -|- H, 0 , 
or by the action of water on vanadyl trichloride 

aVOGl, + 3H,0 = V, 0 , + SHO. 

It forms an orange to cinnabar red, odorless, tasteless, poisonous powder, which 
melts at about 660®, and solidifies on cooling to yellow-red rhombic crystal needles 
(density 3.318). The heat of crystallization is so great that on rapid crystallization 
the compound, solidifying with considerable contraction, is again raised to in¬ 
candescence. Vafiadium pentoxide is only slightly soluble in water (0.07 g in 100 
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g); its solution is yellow. It perceptibly reddens moist litmus paper. It dissoK'Cs 
easily in alkalis, forming vanadates (see below). It is also solul)le, however, in strong 
acids, and thus displays a basic character, even though this is but weakly developed 
as compared ssith the acid character ol the compound. Chlorine is evoked when 
\’anadiuni pentoxide is dissolved in hydrochloric acid, since pentas'alent vanadium 
is thereby partially reduced to the quadrivalent state. If the chlorine so formed is 
removed, the process goes to completion. 


If a solution of V .^Oj in dilute sulfuric acid (or an alkali vanadate solution acidified with 
sulfuric acid) is treated with arsenious acid and a few drops of a very dilute solution ot 
OsO^ (as catalyst), no reaction takes place at first. As soon, however, as potassium chlorate 
solution is added, the solution instantaneously turns blue, an indication that reduction of 
\ ' to \ “ has now taken place. This experiment, described by Gleu in 1933. demonstrates 
in a most illuminating manner a phenomenon fairly often oliservetl with induced reactions 
(called by \\ ilhelm Ostwald the topsy tur\y world’), namely that a reduction can be initiated 
by an oxidizing agent (and conversely, an oxidation frcquentl>' by a reducing agimi). 

\ anadium pentoxide can easily be brought into solution in colloidal form (e.g., by pepti¬ 
zation with nitric or hydrochloric acidb 1 he dark blood red colloidal dispersion is remarka¬ 
bly stable, and can be evaporated: a velvety red mass remains behind, which rc-fonns the 
blood red colloid on addition of water. T he particles in these dispersions are notable for 
their small size. They lie on the limit of ultramicroscopic visibility. During the aging of 
vanadium pentoxide fiydrosols it is occasionally possible to observe the formation of minute 
rods, at first only detectable in the ultramicroscope, but gradually growing to microscopic 
dimensions. If the rodlcts are orien¬ 
tated by the flowing motion of the 
liquid (e.g., e\en b>’ stirring the sol 
with a glass rod) the sol becomes 
doublc-rcfracting. On X-ray inves¬ 
tigation, the rodlets furnish the same 
diffraction pattern as docs ordinary 
solid vanadium pentoxide, except 
that the lines are much broadened 
because of the small size of the crys¬ 
tallites. 

The crystal structure of vanadium 
pentoxide provides an explanation 
for the tendency to form rod-shaped 
microcrystals. Each V atom in the 
crystal lattice is surrounded in a dis¬ 
torted tetrahedron by 4 O-atoms, of 
which 3 are also shared with 3 neigh¬ 
boring tetrahedra. In this manner, 
zigzag VO| chains of unlimited length 
are built up. These are, indeed, fur¬ 
ther linked together into sheets by 
bridges of O-atoms (cf. Fig. ig); 
however, only 1 O-atomofeach VO4 
tetrahedron is utilized for this pur¬ 
pose, while 2 O-atoms are used in 
forming the chains. In Fig. 19, in 
which the linkage of the VO4 tetra¬ 
hedra is schematically illustrated, one 

of the chains is emphasized by shading. Those O-atoms which form the vertices of the 
tetrahedra lying above and below the plane of the drawing are not shared between two 
different tetrahedra; the cohesion between the individual lattice sheets is therefore not 
effected by principal valence forces. Vanadium pentoxide crystals accordingly exhibit an 
excellent cleavage parallel to the lattice sheets. There is also a distinct cleavage present in 



Fig. 19. Two-dimensional network of distorted 
VO4 tetrahedra in vanadium pentoxide. Inter¬ 
sections of tetrahedron edges shown as thin lines 
lie above the plane of the drawing, those marked 
by dotted lines lie below that plane. The edges 
of the tetrahedra have the following lengths, in 
Angstrom units: <1 = 2.13, ^ = 3.06, c==3.50, 
</ = d' = 2.72, e = 2.36 A. The average V O 

distance i.s 1.72 A. 
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,hc direction perpendicular to thU, but parallel to the chairs. The preferential growth of 
the crystal in the direction of the chains can be understood in view of the higher density 

of atoms along the chain direction* 


(b) Vanadic Adds and the Vanadates 

Vanadic acids are formed by the dissolution of vanadium pentoxidc in water, as is 
shown by the reaction of the solution towards litmus. Metavanadic acid, HVO,, and 
tetravanadic acid, can be obtained in the free state; these compounds 

recognized by Huttig {1930) from thermal degradation and by X-ray stupes. The 
salts of the vanadic acids, the vanadates, arc of very manifold composition. Ac¬ 
cording to the ratio of base anhydride: acid anhydride {M',0:V,0i) contained in 
them they are classified into the (4:1) vanadates, 4M',0 • YjO*; (3:1) vana¬ 
dates! 3M',0 • V.O,; (2 : i) vanadates 2M-,0 • V.O5; (3:2) vanadates aM-.O* 
aVjOj; the (5 14) vanadates, aM'jO • 4V,04, etc. The (3 ; i) vanadates, 
aM'aO ■ VjOj or M'jVO* are also known as orthovanadates, the (2:1) vanadates, 
2M‘tO -V,Os or M'aVaOj as pyrovanadates, and the (1:1) vanadates, XfjO-V^Oj 
or M'VOa as metavanadates. 

According to Jandcr and Jahr (1933 and later) the following equilibria are set up in 


aqueous solutions; 

2[VO.]>- + [V.O,]*- 4 - H,0 (pH = 12-10.6) (1) 

2[V,0,]*- -t- 4H+ ^ HdV^O,,]^- + H,0 (pH = 9.o-^.9) (a) 

+ 8H^ ^ 4H4[V,0„]>- + H,0 (pH = 7-0-6.8) (3) 

aHdVsO,,]’- + 6H+ ^ 5(V,0,] + 7H,0 (pH = 2.2) (4) 

[VjOj] -h 2H+ 2[VOj]+ +■ H,0 (pH < i) (5) 


It may be seen from this that the more simple vanadate ions have a tendency to come 
together, with the elimination of water, to form higher-molecular ions. Acids of this kind, 
which may be derived from simple acids (‘mono-acids’) by condensation—that is by the linking 
up of two or more molecules and elimination of water—arc termed, quite generally, 
polyacids (cf. p. 183 on this point). In the present instance, therefore, one speaks of poljh 
vanadic acids, or ofpolyvanadaU ions; the compounds are disdnguished as rfivanadates, Utra- 
vanadates, penlavanadata, etc., according to the number of vanadium atoms in the ions. 

Beside the equations given above are set down, on the right hand side, the pH values at 
which the individual changes take place in the solution. In the ranges between these, the 
substances written on the left hand side of the equations are present almost exclusively. 
Dissociation equilibria which do not involve condensation equilibria (for example 

-I- H+ Hj[V 40,3]^“) are also of importance in these intermediate ranges. 
For the sake of simplicity these have been left out of account here. The ions have also been 
formulated without taking account of the water molecules combined with them. The ionic 
weights (measured by Jander and Jahr, 1933, Brintzinger, 1935) have led to the conclusion 
that the VO,*" and V, 0 ,*“ ions are combined with 6 H, 0 , whereas the H,V40i**" ions are 
not hydrated. 

As the above equations show, simple vanadate ions (these being only VO,*” ions, not 
VOj" ions) exist only in strongly alkaline solutions. With increase of H+ ion concentration, 
divanadate ions and tetravanadate ions are formed successively in the alkaline range and finaily, 
on passing into the acid range, pentavanadale ions. The transformations (i) and (2) take place 
immeasurably fast; the change of tetravanadate into pentavanadate ions, however, takes 
place slowly, and probably proceeds byway of the formation of oetaoanadic acid Hio[Vb 024], 
which is not stable itself, but may be stabilized by added substances. The pentavanadate 
ions may be present until fairly far in the acid range. With increasing acid contents however, 
the solutions become unstal^c. and gradually begin to deposit hydrated vanadium pent- 
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oxide*. Simultaneously, the formation of positive [VOj]* ions (or possibly [\' 0 ]^’+), 
according to equation {5), takes place to an increasing extent—i.c,, vanadic acid begins 
to dissociate as a base, in accordance with its amphoteric nature. 

It is a general rule that the condensation of acid ions is accompanied by a deepening of 
color (cf. Vol. I, p. 312). This also applies to the polyvanadate ions as shown by Jahr 
(1934)* case of mono-, di-, and teiravanadate ions, the region of light absorption lies 

wholly in the ultraviolet. The mono-, di-, and tetravanadates therefore appear colorless 
to the eye (unless they contain colored cations). The pentavanadates arc orange-yellow, 
the octa-vanadates are brown-red, and the simple-molecular oxyvanadium(V^) cation has 
a pale yellow color. 

On the basis of their color, mode of formation and other criteria, G. Jander has advanced 
an explanation of the constitution of the vanadates. This led to the view that the (i 13), 
(1:2) and (2 : 3) vanadates were not salts of a hexavanadic acid H4[V60,7] or 
HilTIjVaOig], as had formerly been assumed, but were oxyvanadium{V) pentavanadates, 

M-,[V0a]H3[V50i6], and 

Under suitable experimental conditions, oxyvanadium(V) salts of oclavanadic acid can 
be obtained—for example, Na2(V0j]H7[V8085] (or Na2(V0]H5[V8025]). The ociavan- 
adates are quite characteristically distinguished from the pentavanadates by their lower 
stability towards alkalis. The (4 : 5), (3 : 5), and (2 : 5) vanadates are to be considered 
as pentavanadates: 


M-4H3[V,0„), and M'2H5[V80ie]. 

The (3 : 2) and (5 : 4) vanadates are salts of tetravanadic acid, 

as also are the (1 : i) vanadates, M*4H2(V<Oi3], generally called‘meta" 
vanadates’. In the crystallization of the latter a molecule of water may be split olT, where" 
by anhydrous metavanadates are obtained: these are also to be looked on as tetravanadates 
M*4[V40 ij]. The anion of divanadic acid is present in the (2:1) vanadates (pyrovana- 
dates), and that of monovanadic acid in the (3 : 1) (oriho-)vanadates. The (4 : i) 
vanadates may perhaps represent basic salts, or oxy-orthovanadates M>30[V04}. 

The orthovanadates can be prepared by melting the component oxides together, as well 
as from aqueous solution. Most of the poly vanadates can also be obtained pure from aqueous 
solution without difficulty, as Jander has shown, if the range of existence of the individual 
polyvanadate ions is taken into account, and if time is given for the attainment of equili¬ 
brium. Of the so-called metavanadates (tetravanadates), the ammonium metavanadate 
NH4VO, or [NH^]4[V40,2], which is fairly sparingly soluble in the cold (unlike the alkali 
metavanadates), is readily prepared in the pure state. The vanadates of other metals can be 
prepared by double decomposition reactions between alkali vanadates and salts of the 
alkaline earths and heavy metals. The vanadates are peculiar in displaying a marked 
tendency to form alkali-alkaline earth or alkali-heavy metal mb^d salts. 

Vanadate ions not only have a marked tendency to undergo condensation processes, 
forming higher molecular ions, but they also tend to form complexes with the ions of other 
acids. Thus complex acids, known as heteropolyacids, are formed with the acids of silicon, tin, 
phosphorus, arsenic, molybdenum, and tungsten (see pp. 180 et seq.). The role of the central 
atom in these complex acids is played either by the elements named, or by vanadium, 

* It has not yet been fully established whether VgOj or HVO3 is the stable solid phase 
in equilibrium with the solution. Some observations support the view that VgO* is 
generally deposited first and that this subsequently changes into mctavanadic acid, through 
chemical combination with water. 

• * If it is assumed that the compounds contain [VO]*+ groups instead of [VOj] + groups, 

the formulas become M'jCVOJHjfVsOje], M«3[V0]H[V50i4}, and [VjOje]. 

Since the oxyvanadium(V) cations are hydrated in aqueous solution, and as the compounds 
cited crystallize as hydrates, it cannot readily be determined which of the two modes of 
formulation is appropriate. 
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(c) Vanadinlte Structure of Compounds of the Apatite Group 

a , , (■ vanadates is represented by vanadiniU (vanadium lead ore), 

iPb'lvO*) PbCd This^vanadium ore. occurring chicHy in Mexico (Zimapan), Argentina, 
:j 1 b,(\ 0 ,), ^ " Scotland and Carinthia, crystallizes in hexagonal hemihedral 

umr C^^sfat of to red-brown color and is isomorphous with apatite, 

PVromorphitr. mimetesite, and the other minerals of the apatiU ^^up. 

1 he cLpounds of the apatite group have the 
nr M- (RO ),X- M" can be Ca or Pb. R can be P. As, or V, and X can signify CIorF 

Rements denoted by the same symbol in this general formula can mutually --e^ace each 

f;iher continuously; "b^S^. The com’: 

!loVnX onhe^apTtuTgroup crystlllize in\he pyramidal-hemih^ral class of the hexagonal 
System They not only occur as minerals, but can also be obtained artificially in the crystal- 
ine sTaU That they are not simple double compounds of phosphates, arsenate, or vana- 
H es whii he chlorides, etc., is at once shown in that water leaches out no chlonde from 
hem Werner accordingly regarded them as coordination compoun^. and represented 
hem as complex compounds of the type [CaR,]X, which is typified, for example by cal- 
cium chlondJ hexahydrate [Ca{H, 0 )e]Cl,. Werner derived 

of each 2H,0 for i molecule of CajCPO.),, and so arrived at the ^^uctural formula 
fCa/C a (PO ) ),lXj. X-ray structural analysis (Naray-Szabo, 1930, Schicbold 1931) has 
!hown ?hat the compounds of the apatite group are indeed coordination compounds. 
VVerner’s assumption must, however, be corrected in that in apatite it is not a Ca-atom 
but the univalent anion X which forms the central atom of the complex, or of the structural 
Iroup corresponding to this in the crystal. 3(CaPO.)- groups are bound to this amon in he 
first sphere, and i2Ca»* ions are arranged, in two superimposed re^ ar h^ago^. in the 
second sphere; each of the latter ions, however, is equidistant from fitXCCaPO,),] groups, 
so that stoichiometricaily = 2Ca*+ ions belong to each [X(CaP04),] ^ group. The 
structure of apatite can thus be roughly represented by the formula: 


r CaPO* . 

Ca 1 F CaPO* i Ca or Ca,[F(CaP04),]. 

L CaPO*-" _I 

The general formula of the apatite group is thus M".(X(M»RO.),]-Hr.g., vanadinite U 

Pb rCKPbVOa)*]. Insome kinds of apatites the anionX’is replaced byagroup compose of 

several atoms-e.g., by the group [CO,]>- in <a,bomto-apatiu. Since this poup « bi^ent, 
half the coordination centers are simultaneously occupied by neutral molecules (H, 0 ). In 
hydro^^hpaliu, Ca.(OH)(PO.).(= Ca.[(OH)(CaPO.),]) the anion X-is replaced by the 
group (OH)“. The formula of oxyepatiu CaioO{PO4)0 is not yet explained, according to the 
investigation of Trbmcl (* 93 ^)* existence is questionable. 


(d) Peroxy Compounds of Va n ad i u m (V) 

According to Jahr (1941) when hydrogen peroxide is added to alkali vanadate solutions, 
yellow dipeToxoorthovanadaU ions [V 0 ,( 0 ,),]»- are formed in alkaline or wcaWy acid solutioru, 
whereas red-brown petos^vofuidiuTni^V) cations [^(04)3*"^ are formed in strongly acid 
solutions. The diperoxoorthovanadate- and the pcroxyvanadium(V) ions enter mutually 
into an equilibrium which depends on the hydrogen ion concentration and the hydrogen 
peroxide concentration of the solution: 

[V 0 .( 0 ,),]»- -H 6H+ ^ [V{ 0 ,)]>+ + H, 0 , + 2 H, 0 . 


Vanadium pentoxide hydrate dissolves in aqueous hydrogen peroxide, forming the free 
tribasic diperoxoorthovanadic acid H,[V 0 ,( 0 ,) J; this readily decomposes, with evolution 
of oxygen, like all peroxy compounds of vanadium. Of the salts of this acid, only the primary 
potassium salt, KH,[V 0 ,( 0 ,),]*H ,0 (yellow rhombic leaflets), and the secondary am¬ 
monium salt, (NH4),H[V0,(0,)a] aq (yellow needles), are as yet known; these were 
prepared by Jahr. The light-metal and heavy metal salts of a supposed peroxometavanadic 
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acid H[V02(02)], reported in the older literature, could not be obtained by Jahr. At 
temperatures around in strongly alkaline solutions containing much hydrogen peroxide, 
the diperoxoorthovanadate ions are gradually transformed into blue-violet UtrapeToxoortho- 
vanadaU ions, [V(02)4]’'. The tetrapcroxoorihovanadates M'3[V(02)4]-aq. (M« = Li, Na, 
K, NH4) crystallize in blue-violet needles; their ease of decomposition runs parallel to 
increase in the radius of the cation. 

(e) Vanadium Pentasulfide and Thiovanadates 

Vanadium pentasulfide, VjSj, is said to be obtained by healing vanadium(III) oxide with 
sulfur at 400'^ in the absence of air. .After extraction of the products of reaction with carbon 
disulfide, the reputed pentasulfide remains as a black powder. .According to Klemm (1936), 
however, the existence of this compound is very doubtful. It cannot, in any case, be obtained 
by heating V2S3 with excess of sulfur; the polysulfide mentioned on p. 96 is thereby formed 
instead. The products described as V’jSj burn to vanadium pentoxide when they arc heated 
in the air. Heated in an inert atmosphere, they lose sulfur and are changed into the sesqui- 
sulfide. They dissolve in alkali sulfide solutions, forming thio salts or oxythiosalts, of which 
two series are known. One scries is derived from the orthovanadates, and other from the 
pyrovanadates, by exchange of oxygen atoms for sulfur. .An example is ammonium orihothio- 
vanadate, (NH4)3{VS4], which is obtained, in the form of violet-black rhombic prisms, by 
evaporating vanadate solutions treated with ammonium sulfide. Like all alkali thio- and 
oxythiovanadates. it is easily soluble in water. Thiovanadates have also been obtained by 
fusion processes. 

(f) Vanadium(V) Halides and Halogenovanadates(V) 

The only oxygen-free halide as yet known is the pentafluoride V'Fg (solid white mass, 
readily soluble in water and alcohol, density 2.177, b.p. 111.2°), which is obtained by 
thermal decomposition of the tetrafluoride. Oxygen-containing halides, such as VOF,, 
VOCI, and VOBrj, are more readily formed; the last mentioned, however, decomposes even 
on moderate heating, or slowly even at the ordinary temperature, according to the equa¬ 
tion VOBrj = VOBrj -f JBcj. Iodine compounds of pcntavalent vanadium cannor be 
prepared at all. 

Vanadium oxytrichloride, V^OCls, for example, may be obtained by passing dry hydrogen 
chloride over gently warmed vanadium pentoxide in the presence of phosphorus pentoxide 
(which serves to combine with the water set free in the reaction): 

V2O5 + 6HCI =2VOCI, + sHjO. 

Vanadium oxytrichloride forms a yellow, mobile but fairly heavy liquid, of boiling point 
127°, with a vapor density corresponding to the simple molecular formula. It is hydrolyzed 
by water, so that the process represented by the above equation is reversible. With pyridi- 
nium chloride, vanadium oxytrichloride forms the double salt [CjHsNH] [VOCI4]. 
(pyridinium oxotetrachlorovanadate). This must be isolated from ^coholic solution, 
because of the hydrolysis occurring in water. 

VFj combines with alkali fluorides to form hexafiuorovanadates, M'fVF,]. These were first 
isolated by Emel^us {1949) by the action ofBrF, on VCI3 mixed with alkali halides. 

A larger number of double salts of pentavalent vanadium are known, which are derived 
from the oxyfluorides. Several representatives of the following types are known: 

3M‘F-2V0F3; 3M'F-2V0,F; and 2M«F-VO,F. 

Like the pyridinium double chloride cited above, these double salts can also be regarded 
as halogenovanadates—i.e., as vanadates in which the oxygen atoms are partially sub¬ 
stituted by halogen atoms. Ridicak ofoxyacids can ako replace oxygen atoms in vanadates, 
in the same way as halogen atoms, e.g., the radicals of sulfuric acid, iodic acid, and oxalic 
acid. Thus oxalatovanadaUs{V) are known, and have been assigned the constitution 
M‘3[V03(C304),]. 
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b. Analytical (Vanadium) 


\ anadium is precipitated neither from acid solutions by hydrogen sulfide, nor frorrj 
ammoniacal solutions by means of ammonium sulfide. Alkali vanadate solutions are colored 
cherrv red by ammonium sulfide, however, by reason of the formation of thiovanadatcs. 
If they are subsequently acidified, most of the vanadium is then precipitated as the brown 
P( niasulfide (or polysulfidc? see p. 103). Acid solutions of vanadic acid are colored bliu by 
hydroyen sulfide, through reduction to vanadyl salts. A blue coloration is also produc^ by 
numerous other reducing agents. In many cases (e.g., by the action of zinc and sulfuric 
acid), the blue color passes through green and finally to violet, as the reduction proceeds by 
way of vanadium{ 111 ) compounds to vanadium(I I) compounds. The reaction with hydrogen 
p< roxide is very useful. This colors acidified vanadic acid solutions an intense red-brown. 
The color is not extracted by ether, and this enables vanadium to be detected even in the 
presence of chromium (cf. p. 1^,8). The test given by Ephraim [Helv. diem. Acta, 14 (1931) 
j-j(i(.) is considerably more sensitive, however; this depends on the reduction of Fe+++ ions 
by [\ ())** ions in alkaline solution: 

+ (VO] + ^ + 60H- = Fe**^ + + sHiO. 


Detection of the resulting Fe""- ions by means of dimcthylglyoxime (intense cherry red 
color), enables as little as 2.5 */ of vanadium in J cc of solution to be recognized. 

GTaiimetricalh, vanadium can b<- determined by precipitation as mercurous vanadate, 
which leaves a residue of pure vanadium pentoxide in ignition. It is more convenient to 
determine \anadium by a volumetric method—for example, by first reducing to a vanadyl 
salt by means of sulfurous acid, and then (after boiling ofT the excess of sulfur dioxide) 
titrating the hot solution, acidified with sulfuric acid, with permanganate: 

5[VO]*^*^ f MnO«- + 7 HsO = HJVjO,,]^- + Mn++ +10H+. 

The reduction of V’' to V»^ by means of Fe++ ions, taking place in acid solution (the reverse 
of the process in alkaline solutions, sec above) can also be used for the titrimetric determi¬ 
nation of vanadium. 


7. Niobium (Nb) 

(a) Occurrence 

Niobium minerals are found in many places, although generally in inconsider¬ 
able amounts. The most important niobium mineral is mobile or columbite, which is 
met with in various localities in the United States, and also in Greenland and at 
Tammela, Finland. In Germany, niobite is found at Bodenmais (Lower Bavaria). 
Its composition, is essentially that of a niobate of iron*, Fe(Nb03),, which always 
contains iron tantalate, Fe(Ta03)a, in isomorphous admixture to a greater or less 
degree. If the tantalum predominates over the niobium, the mineral is called 
tantalite. 

Niobium frequently occurs along with the rare earths; there is a whole series of rare earth 
minerals consisting of niobales, or isomorphous mixtures of niobates and tantalates. Euxenite 
is an isomorphous mixture of niobates and titanates of the rare earth metals; polycrase is of 
similar composition. A calcium niobate with a significant content of alkali fiuoride is 
pyrochlore, NaF'CaO-NbjOs, or NaCaNbjO*F. 

(b) History 

In 1801, a new metallic oxide was discovered by the English chemist Hatchett in a 
mineral from the British Museum, originally obtained from North America. He named the 

* The iron is generally replaced partially by manganese. 
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element giving rise to this oxide Columbium, from the origin of the mineral: the latter he 
called Columbia. It was later thought that this element was identical with the tantalum 
discovered by Ekeberg in 1802. especially on the basis of investigations by Wollaston and 
Berzelius. As we now know, neither of these chemists ever had pure tantalic acid, but only a 
mixture with niobic acid. In any case, it had already been noticed by Wollaston that there 
were significant variations in density not only between tantalitcs of different origin, but also 
between the oxides isolated. Rose, however, in 1844. was the first to conclude that these 
.variations must be produced by another clement admixed with the tantalum, and very 
similar to it, but different from it in weight. He called this clement niobium, after Niobe. the 
daughter of Tantalus. Since the niobium oxide isolated by Hatchett from Colurnbite was 
certainly also contaminated with tantalum oxide, just as the tantalum oxide later isolated 
from tantalite was contaminated with niobium. Rose was the first to handle pure niobium 
oxide. The older name columbium, has been largely retained in the English (and especially 
in the American) literature. 

(c) Preparation 

Niobium minerals arc best decomposed by fusion with potassium hydrogen sulfate. The 
melt is brought into solution with hydrofluoric acid, as is further described under tantalum; 
the two elements can then be separated by fractional crystallization of the potassium double 
fluorides. Separation from titanium, which may also be present, offers some difficulty, since 
it remains in the solution as fluorotitanate, together with the niobium. For this sopa* 
ration, Wernet (1952) has recommended precipitation of titanium as (NH4)2[TiCle] 
from solutions saturated with HCl. If the titanium content is very high, however, niobium 
is also coprecipitated in the form of (NH^l^NbOClj], which forms mixed crystals with 
[NH^]j[XiCl5]. In these circumstances, the method can be used as a means of separating 
titanium and niobium together from tantalum. 

Moissan has described an elegant method of decomposition, which involves heating a 
mixture of the powdered mineral with sugar charcoal for a few minutes with a powerful 
current (1000 amps) in the short circuit furnace. Niobium and tantalum are thereby 
converted to their carbides, which are soluble in hydrofluoric acid, while the greater part 
of the other elements present is volatilized away. 

For the preparation of the metal, according to von Bolton, the best starting material is 
the pure pentoxide. This can be reduced by the aluminothermic method, after which the 
resulting niobium-aluminum alloy is freed from aluminum by prolonged fusion in the 
electric vacuum furnace (whereby the aluminum evaporates). Alternatively, the pentoxide 
is plasticized by addition of paraffin wax, and moulded into filament form; this is converted 
to the dioxide NbOj by heating with carbon powder at a white heat. The dioxide, unlike 
the pentoxide, conducts the electric current (and is, indeed, an ionic conductor). Under the 
heating action of a strong alternating current it fairly rapidly gives off all its oxygen. 

Attempts to deposit niobium electrolytically from solutions (Isgarischew, 1933 and later) 
have been unsuccessful. 

(d) Properties 

Niobium is a moderately hard, grey metal, with a white luster on polished sur¬ 
faces; it is rather less ductile than tantalum, and its melting point is considerably 
lower. Its boiling point must also be much lower than that of tantalum, since, un¬ 
like the latter, it sputters strongly when heated in a vacuum. 

Niobium is stable in air and the compact metal tarnishes only superficially when heated. 
It b only incompletely oxidized when heated to redness in oxygen, even when in the form of 
filings. In a stream of chlorine, however, it burns vigorously at a red heat, forming the 
chloride NbCh. It also unites directly when heated with sulfur or selenium. It alloys with 
difficulty with most metals, but nevertheless b said to form mixed crystab with iron in all 
proportions. With aluminum it forms the compound AljNb. 

Hydrofluoric acid slowly attacks niobium. All other acids, including aqua regia, 
have no action upon it. It is also insoluble in caustic alkalis. By contrast, it is 
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at>ackcd by fused alkali hydroxides and in the powdered state is even attacked 
with incandescence by fused potassium nitrate 

The complete insolubility of niobium in oxidizing acids depends on the fact that it is 
cxtraordinadly strongly passivaUd by solutions of oxidizing agents. In contact with dilute 
:ulW add! electric current to flow only when the metal - ^ 

alternating current rectifier constructed by Siemens and Halskc depends “P®" “ 

consists gHwo plates, one of platinum and one of niobium, dipping into a trough filled with 
sulfuric Tcid. This apparatus allows only that half-cycle f 

pass for which the platinum sheet is the anode, and the niobium sheet the cathode. 


8 . Compounds of Niobium 

I he well defined compounds of niobium arc almost all derived from the element 
in its +5 state. Niobium can, indeed, function in lower valence states, but most of 
the compounds containing the element in these states are unstable. 


(a) Niobium(rV) and (HI) Compounds 

Niobium is quadrivalent in the dioxide NbO, and in the tetrachloride NbCI, The dioxide 
may be obtained by heating niobium pentoxide to a white heat in hydrogen. It is formed w 
a bluish-black powder, insoluble in water and acids, which burns to the pentoxide again 
when heated to a dull red heat in air. By further abstraction of oxygen it can be transformed 
into the monoxide NbO, which has a crystal structure related to the rock salt type. The 
solubility of oxygen in niobium metal amounts to about 1.7 atom-%. 

Niobium tetrachloride is obtained as brown needles by the reduction of NbCl, with Nb, 

Al, I*c, or Hj. It decomposes readily by the process 

2NbCI|Bo]id ^ NbCljeoUd + NbCljgiB 28.3 kcal. 


For the vapor pressure of NbO, over a mixture of the two solid compounds NbCl, and 
NbCl. Schafer (1952) gives the values 1.2 mm. at 200®, 230 mm. at 300®, and 531 mm. at 
320®. The four phases NbGI„oud, NbCbsoiid. NbCU,„ui<i and NbCl,,., can coexUt in 

equilibrium at 420®, under a pressure of 22 atm. 

Niobium trichloride, NbClj, (black needles, with metallic luster), can be prepared by 
reducing niobium oxychloride, NbOCIg, with heated magnesium, or from niobium penta- 
chloridc NbClj, by thermal dissociation, or by reducing the vapor with hydrogen, 
Niobium(III) compounds are obtained in solution when niobium(V) compounds are 
treated with zinc in acid solution. When certain experimental conditions arc adhered to, 
reduction proceeds quantitatively to the trivalcnt stage, as can be established by back- 
titration with permanganate, and re-oxidation to niobium(V). The color of the Nb ■*■■*"*■ tons 
present in the reduced solution is blue; they have a very great tendency to be oxidized. 


(b) Niobium(V) Compounds 

(i) Niobium pentoxide, NbgOj, is obtained as a white powder, (density 4.46, m.p. 
1460®), insoluble in water, by dehydration of its hydrate, niobic aetd, or by ignition 
of niobium sulfide, nitride, or carbide in air. It can be brought into solution by 
fusing it cither with alkali hydrogen sulfate or with alkali carbonate or hydroxide— 
an indication that it is an amphoteric oxide; its acidic character greatly pre¬ 
dominates, however. 

Whereas TajOj exists in only a single modification, NbjOj is trimorphous (Brauer, 194^)* 
It is generally obtained in the low-temperature form, which is isotypic with TagOj, even 
after it has been ignited for a short time in the course of preparation. Nb,Os and Ta,Os 
form mbied crystal with each other. These can be obtained Greedy if the two oxides arc 
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precipitated together as gels from solution, and dehydrated by ignition. If the .\'b,0-, 
content is high enough (more than 76 weight-per centU the strongly ignited mixed crystals 
have the same crystal structure as the modification of Nb^Oj which is stable above a-,o . 
With a lower NbjOj content, the Ta^Oj structure is obtained. When Nb^Oj is ignited in 
hydrogen, it can lose a certain amount of oxygen without undergoing any change- in crystal 
structure. Only after the oxygen content has been reduced below that corresponding to the 
formula NbO2.40 docs a new phase appear—namely the dioxide, NbOj- 


{;V) \iobates and \iobic Acid. If niobium pentoxide is fused with sodium carl)f>- 
nate, it displaces carbon dioxide from the latter and enters as an acidic oxide in its 
place. If four parts of XajCOg are allowed to react with i part of .\bjO5 as much 
CO2 is driven off as corresponds to the formation of an orl/iotiiobaU', according to tlie 
equation 

NbjOs - sNa.COj = aNajNbOj 3CO2. 


If the melt is leached with water, the residue remaining is not sodium or//ioniohate, 
NagNbO^, however, as would be expected, but sodium me/^niohatc, NaXhO.,. 
Sodium metaniobate forms a colorless, fine crN stallinc powder, sparingly soluble in 
cold water. 


NaNbOs crystallizes with the perowskite type structure (a = A), as also docs KNbOj. 

(a — 4.01 A), whereas LiN’bO,, crystallizes after the ilnuniU type (see p. 61). In both 
structural types, Nb has the coordination number 6 with respect to oxygen. The same is 
true of the niobates of the i/valent metals, such as Fe(Nb05U and .\In(.NbOj)2i which have 
the columbite type structure. The rhombic structure of Fc(Nb03)2 is built up from (distorted) 
FeOe and NbO, octahedra, which share corners in two spatial directions, and along tin- 
third direction share their edges in such a way that each oxygen atom belongs simul¬ 
taneously to 3 octahedra. In this manner, each layer of FcO® octahedra. built up from 

000 

I 

Fc Fc Fe chains 

060 

running in the direction of the crystallographic a axis, has a correspondingly constructed 
sheet of NbO^ octahedra adjacent to it on each side. The heavy metal niobates as yet 
known have mostly been obtained from melts—as, for example, Mn(Nb03)2, which is 
isomorphous with Fe(Nb03)j, formed by heating a mixture of Nb205 and MnF, to a white 
heat with KCl (as flux). 

The niobite or columbite occurring naturally (black orthorhombic crystals; 
structure, see above) is an isomorphous mixture of iron(II) and manganese nioba¬ 
tes and the corresponding tantalates. The tetragonal mossite, of very rare occur¬ 
rence, has the same composition. 

Compounds of niobium pentoxide with basic oxides in other proportions, e.g., pj>ro- 
niobaUs, M^Nb^O,, may be mentioned. It has not yet been finally established whether the 
niobates, containing water of crystallization, that may be obtained from aqueous solutions, 
consist of/>z7j/<iniobates, MhNbjOu-mHjO, or of/irxaniobates M'gNbsOu-nHjO, in which 
part of the water of crystallization can be replaced by M'OH; the constitution of the 
hydrated tantalates is likewise uncertain. The nonexistence of ammonium niobates is 
noteworthy. 

On treatment of niobate solutions with sulfuric acid, niobium pentoxide hydrate is 
thrown down as a white gelatinous precipitate, of continuously variable water 
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content. Niobium pentoxide hydrate is also formed by hydrolysis ofsalt-Iike com¬ 
pounds of pcntavalcnt niobium—e.g., of niobium pentachloride, or of the alkali 
hydrogen sulfate melts of niobium pentoxide. It is formed very slowly from the 
latter and is completely precipitated only on boding the solutions. Niobium 
pentoxide hydrate, commonly known as ‘niobic acid’ is soluble both in rustic 
alkalis and in strong acids; in this it resembles stannic acid. It also shares with the 
latter the property of passing very easily into colloidal dispersion, and in this case 
also, (as with stannic acid), hydrochloric acid is an especially effective peptizing 

agent. 

W hctlwr or not niobium pentoxide forms stoichiomctrically defined hydrates, so that it is 
possible to speak of a free niobic acid as a well defined chemical compound, it is difficult to 
decide; the hydrated preparations of Nb, 0 , are. without exception, amorphous, and no 
dearly marked stages appear in the dehydration. The very firm binding of water in Nb, 0 , 
Rcls is noteworthy however; some water is still firmly retained in the neighborhood of 500 . 
Certain observations (Jander 1928, Huttig 1930) support the assumption that amorphous 
pentaniobic acid. is obtained by the decomposition of niobate solutions. This is, 

however, apparently incapable of crystallizing and, as a typically colloidal material, it 
contains an excess of water which is mechanically so firmly bound that it cannot be fully 
removed without the loss, at the same time, of a portion of the chemically bound water. 

(m) Acido-niobaUs. Complex niobates, acido-niobates, arc derived from niobium, by ex¬ 
changing the oxygen atoms in the niobates with acid radicals e.g., oxalatoniobatw, formed 
by the entry of oxalate radicals, arc colorless crystalline compounds; the majority have a 
composition corresponding to the formula 3M*30*Nb20j-6C20j, and must probably be 

formulated as oxoirioxalaloniobaUs, M‘j[0Nb(C204)2]. 

The radicals of other organic oxy-acids are also able to enter the niobate group by corn- 
plcx formation, as can the radicals of titanic, phosphoric, arsenic, chromic, and tungstic 
acids. Conversely, the niobic acid radical can enter into these. The formation of such com¬ 
plexes frequently shows itself in the mutual influence which these acids exert upon each 
others’ reactions. 

The halogenoniobaUs, discussed further below, also belong to the class of acidoniobaies; 
the compounds arc derived from niobates by exchange of oxygen atoms by halogen atoms. 

Replacement of one or more oxygen atoms in the niobates by the equivalent amount of 
pcroxy-radicals, —O-O—, leads to the formation of pero:^niobaUs. 

{iv) PeroxjmiobaUf’and Peroj^iobk Acid. Hydrogen peroxide reacts with potassium niobate 
in the presence of excess alkali, to form a colorless or pale yellow salt. This salt, potassium 
peroxyniobate* 

K,NbO, = K.[g>Nbg« 

can be precipitated from aqueous solution by means ofiftlcohol, and contains niobium 
and active oxygen in the ratio 1 : 4. 

By adding dilute sulfuric acid to the concentrated solution of this peroxyniobate, a free 
peroxyniobic acid, 

HNb 04 = H ^NbO, 

(hydrated), containing niobium and active oxygen in the ratio 1 : 1, is obtained as a 
fine lemon-yellow powder. Peroxyniobic acid is remarkably stable. It is decomposed bv 
dilute sulfuric acid (into hydrogen peroxide and niobic acid) only when heated. 


(t>) J^iobium pentachloride, NbCls, can be obtained by heating metallic niobium in 
chlorine: 

Nb + JCI, = NbQj; 


* The compound is obtained either anhydrous (Balke 1908) or containing 
(Sieverts 1928), according to the experimental conditions. 
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or by reaction of niobium pentoxide with certain chlorides—such as CCI4: 

NbaOs + 5CCI4 = aNbCI^ + 5COCI2. 

Niobium pentoxide reacts with carbon tetrachloride appreciably more readily than does 
tantalum pentoxide. If a mixture of the two pentoxides is heated at 270* with excess carbon 
tetrachloride in a sealed tube from which air has been removed, the niobium compound 
reacts almost completely while tantalum pentoxide remains almost unaltered. This differ¬ 
ence in reactivity can be utilized for the preparative separation of niobium an>' t.''ntalum. 
When niobium pentachloride is prepared by the first-mentioned process it is pos:.ible to use 
niobium containing carbon, such as is obtained by melting the metal in the electric furnace, 
or the incompletely reduced product resulting from ignition of a mixture of niobium pent¬ 
oxide and carbon. The niobium pentachloride can be separated by distillation from the 
oxychloride, NbOCIj, which is admixed with the product of reaction in the latter case. 

Niobium pentachloride forms yellow crystal needles, melting at 204.7'' and 
boiling at 250". The yellow vapor consists of NbCls molecules, as shown by a vapor 
density determination (at 360°). It is soluble without decomposition in the usual 
organic solvents (alcohol, ether, chloroform, carbon tetrachloride), and also in 
sulfur monochloride, SgClj. It is decomposed hydrolytically by water, into niobic 
acid and hydrogen chloride. No niobic acid is precipitated, however, when the 
pentachloride reacts with concentrated strong acids (sulfuric acid or hydrochloric 
acid); the hydrolysis is probably suppressed by these strong acids. If the solution 
of niobium pentachloride in concentrated hydrochloric acid is boiled, precipitation 
no longer ensues even on subsequent dilution with water. The niobic acid resulting 
from hydrolysis on heating is peptized by the hydrochloric acid, and then remains 
in colloidal dispersion. 

The heat of sublimation of NbClj is 20 kcal per mol. (entropy of sublimation = 39.5 
e.u.); heat of evaporation of the molten compound =13.1 kcal per mol (entropy of 
evaporation 25.1 e.u.). NbClj is completely miscible with TaClj in both the liquid and the 
solid state. 

Niobium pentachloride appears to have little tendency to form double salts. Addition 
products of niobium pentachloride with organic substances are well known, however,—e.g., 
a piperidine addition compound NbClg-bCsHnN. 

(w) J>fiobium oxychloridi (niobium oxytrichloridc), NbOClj, forms white silky needles 
which volatilize at about 400°. The vapor density corresponds to the formula NbOClj. 
At very high temperatures, however, the oxychloride splits up into NbClj and NbgOg. It is 
also decomposed by water: 

2 NbOCl3 + 3HgO = NbjOj + 6HCI. 

Hydrogen sulfide converts it into an oxysulfide on gentle heating. Niobium oxychloride 
forms double salts {oxochloroniobates) of the types M'[NbOCl4] and M‘2[NbOClj]. These 
are most readily obtained from a solution of niobic acid in concentrated hydrochloric 
acid, by addition of the corresponding chlorides (Weinland). 

The purple-red pentabromide behaves similarly to the pentachloride. The yellow oxy- 
bromide of niobium is more easily decomposed than the oxychloride. It likewise forms 
double salts (oxobromoniobaUs). The pentaiodide, Nblg, may be obtained by the action of Ij 
vapor on an incandescent niobium wire (Korbsy, 1939). Talj is obtained in corresponding 
manner; it is more stable than Nbls- 

{vii) Fluoroniobates and Niobium pentajiuoride. The tendency to from double salts is 
most marked with the fluorine compounds of niobium. If a solution of niobic ^cid 
in hydrofluoric acid is treated with metallic fluorides, either fluoroniobates or 
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oxofluoroniobates are formed, according to the amount and concentration of the 
hydrofluoric acid. 

The simplest examples of the fluoroniobates have compositions fittmg the general 
formulas NbF,.M«F or M'[NbF,] and NbF.-aM'F or M>,[NbF,] (on this point sec footnote 
on p ns); most, however, have more complicated compositions. Among oxofluoroniobates, 
compounds of the compositions NbOF.-aM-F and NbOF.-gM'F are known, as weU as those 
of more complex composition. 

Niobium pentafluoride itself was prepared by Ruffin 1911, by boiling niobium 
pentachloridc with anhydrous hydrogen fluoride, under a reflux condenser cooled 
with a freezing mixture. It forms colorless highly refringent cr>'Stals of the com¬ 
position NbFs, melts at 72-73®, and boils at 236®. 

(yin) Niobium Nitrides. Niobium can take up only minimal amounts of nitrogen into its 
crystal lattice, if any at all. It forms several nitrides, however, (cf. Table 13, p. 89). 
According to Braucr and Jander (1952), NbN exists in three modifications which can be 
differentiated quite unambiguously by X-ray diffraction. In addition to the NaCl type 
(cubic) modification (with a = 4 3® different hexagonal modificaUons. 

One of these (o = 2.95, f = 11.25 A) has a composition corresponding exactly to the 
formula NbN, whereas the composition of the cubic form may va^ between NbN and 
NbN*.„. The second hexagonal modification (a = 2.93, e = 5.45 A) is only obuined under 
special conditions. The compound Nb4N, has a structure derived from the NaCl type by a 
slight tetragonal distortion {c/a = 0.^7). and covers a range of homogeneity between 
NbN,.,* and NbNo.,». The compound Nb,N (with a range of homogeneity extending be¬ 
tween NbNo-M and NbNo.40) has a structure in which the Nb atoms arc in hexagonal 
close packing (with a = 3.05, c = 4 - 9 ® '^*h the N atoms distributed statistically 

among the largest interstitial positions. All the niobium nitrides are very hard and brittle 
substances. The cubic NbN is yellow grey, but the others are pure grey in color. 


9. Analytical (Niobium) 

Niobium is readily precipitated as niobic acid both from acid and from alkaline 
solutions, and frequently in a form hard to filter. Ignited niobium pentoxidc is 
insoluble in acids; it can, however, be brought into solution by fusion with potas¬ 
sium hydrogen sulfate or potassium pyrosulfatc. A dirty blue coloration is produced 
in niobic acid solutions by zinc and dilute sulfuric acid, as a result of reduction of 
niobic acid. Tantalic acid does not give this reaction. 

For the analytical separation of niobium from tantalum, see p. 116. 


lo. Tantalum (Ta) 


(a) Occurrence 

Tantalum is almost always found to accompany niobium in tantalites and nio- 
bites, which occur in almost all parts of the world, though mostly in only small 
amounts. The most important European sources of tantalite are in Finland and 
Scandinavia. Considerably larger deposits occur in North America and in AustraUa. 

The tantaliUs are iron(II) metatantalates Fe(TaOs)|, in which manganese may also 
replace part of the iron. Part of the tantalum is almost invariably replaced by niobium. 
As has already been stated, niobium, predominates over tantalum in the niobites. Ordinary 
tantalite crystallizes in the rhombic system (structure as for niobite, see p. 107). The same 
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compound can also occur tetragonal, as tapioliu, in forms which correspond to those of rutile. 
Tantalic acid also frequently occurs in combination with the rare earths. Thus fergnsonite is 
substantially an yttrium orthotanialate (and niobate), Y[Ta04]. Tltro-tantalite is an yttrium 
pyrotantalate, Y4[Ta507]s. Of similar composition, although with niobium predominating 
over tantalum, and notable for its uranium content, is samarskiU (uranotantalite). Microlile 
is substantially a calcium pyrotantalate Ca2[TaiO,]. 

More minerals are known with a predominant niobium content than with a preponder¬ 
ance of tantalum; the average ratio of abundance of the two elements is about 1.3 : 1. 
The fact that almost pure tantalum minerals occur, as well as pure niobium minerals, 
whereas hafnium never predominates over zirconium, can be explained from the relatively 
small difference in the abundance of niobium and tantalum, in conjunction with the fact 
that their chemical similarity is perceptibly less marked than that displayed by the pair 
zirconium-hafnium. 

(b) History 

Tantalum was discovered in 1802 by Ekeberg, in two then newly-found minerals 
(from Kimito in Finland, and from Ytterby in Sweden). Alluding to the inability 
of tantalum oxide, treated with an excess of acid, to utilize any of the acid for salt 
formation—a property remarkable in a metallic oxide—Ekeberg named the 
element after Tantalus, who thirsted in the underworld in the Greek legend. The 
two minerals accordingly received the names tantalite 2Lnd ytirotantalite. 

(c) Preparation 

Tantalum ores are opened up technically by heating them with potassium 
hydrogen sulfate in iron vessels; the melt is leached with boiling water, and the 
tantalic acid remaining behind in powdered form (rendered impure by niobic 
acid) is dissolved in hydrofluoric acid. Separation from niobium is usually effected 
by fractional crystallization of potassium fluorotantalate, KjTaF?. Tantalum 
metal is obtained from this by reduction with sodium at high temperatures: 

KjTaF, +5Na = Ta + sNaF + 2KF. 

The metal so obtained in the form of a black powder at first always contains some oxide. 
It can be freed from this, according to von Bolton, by heating it in an electric vacuum 
furnace, since tantalum pentoxide decomposes into the metal and oxygen at very high 
temperatures. Very pure tantalum can be obtained by the filament growth process, by 
thermal dissociation of TaCIj (Burgers 1934). 

(d) Properties 

Tantalum is a heavy, platinum-grey, lustrous metal. It is fairly hard, but at the 
same time is extremely ductile; its ductility increases with its degree of purity. It is 
distinguished by a very high melting point (3027 according to Worthing, 1926; 
2996 “C according to Maker, 1939), and by extraordinarily great resistance towards 
attack by chemical agents at moderately high temperatures. 

Apart from hydrofluoric acid, metallic tantalum is not attacked by any acids, not even 
by aqua regia; aqueous alkali hydroxides are equally without action. It is attacked only 
with difficulty by. molten caustic alkalis, but is eventually corroded. Compact tantalum is 
stable in air at ordinary temperature, and on gentle heating it merely ^umes a blue-black 
tarnish. It is more extensively attacked, however, when strongly heated in the air, and burns 
with vigorous incandescence when heated in a finely divided state. Water is also vigorously 
decomposed by tantalum powder at a red heat. Chlorine attacks it strongly when hot, and 
fluorine does so even at ordinary temperature. Tantalum also unites with sulfur with in- 
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(lainmation. Tantalum absorbs hydrogen (cf. p. 88), and also nitrogen when heated. It 
thereby becomes hard and brittle. 

(e) Uses 

Since metallic tantalum combines excellent mechanical properties with out¬ 
standing chemical resistance, it has proved very suitable for the manufacture of 
surgical and dental instruments, such as forcep tips, canula, needles, etc. In many 
cases it can be used as a substitute for platinum. Pen nibs of tantalum are said to be 
practically as good as gold nibs tipped with iridium. 

For some time, tantalum was used for the manufacture of incandescent lamp filaments, 
bc( ausc it was possible to draw it into exceedingly fine wires. It was quickly displaced from 
this lickl, however, by the production of single-crystal wires of tungsten, which followed 
shortly afterwards. 


II. Compounds of Tantalum 

I'he compounds of tantalum are derived almost without exception from penta- 
valcnt tantalum. Well defined compounds of the lower valence states of tantalum 
are known, however. Thus the chlorides TaCl4, TaClj, and TaClj are obtained by 
heating tantalum pcntachloride, TaClj, with aluminum (preferably in the pre¬ 
sence of aluminum chloride) in a sealed tube in the absence of air. ‘Nascent* 
hydrogen is not able to reduce tantalum compounds in aqueous solution, in 
contrast to the behavior of vanadium and niobium. 

(a) Taiitalum(V) Compounds 

Tantalum pentoxidc, Ta,Oj, is best obtained in the pure state by strongly 
heating pure tantalum metal in a stream of oxygen. It is also obtained when com¬ 
pounds of tantalum with volatile or combustible elements arc heated in air. It is 
generally prepared by dehydrating ‘tantalic acid’. This tends, however, to be 
contaminated by substances adsorbed from the solution from which it was pre¬ 
cipitated, and so does not furnish an absolutely pure oxide. 

Tantalum pentoxide is a white powder, of density 8.02, insoluble in water and in acids 
other than hydrofluoric acid. It is unaltered by heating in air, or in an atmosphere of 
chlorine, hydrogen sulfide or sulfur vapor. In contrast with niobium pentoxide, it is not 
attacked when heated in gaseous hydrogen chloride or hydrogen bromide. On the other 
hand, it loses oxygen when heated to a white heat in a vacuum: Ta^Oj = 2Ta -f- jO,. 
The elimination of oxygen proceeds at a lower temperature in the presence of carbon, since 
the latter reduces the oxygen pressure to a minimum by combining with it. In this case, 
however, a portion of the cart>on combines with the tantalum, forming tantalum carbide 
(sec p. 116). 

Unlike niobium pentoxide, pure tantalum pentoxide is not reduced to the dioxide when 
it is heated in hydrogen, even when the powder is admixed with finely divided niobium 
pentoxide. The behavior is quite different, however, if the elements arc present in the form 
of NbjOj-TajOj mixed crystals. If the NbjOj content is high enough, as has been shown 
by Schafer, the whole of the TajOj present in the mixed crystals can be reduced (i.c., all 
the Ta*^ converted to Ta<+), giving homogeneous NbO,-TaO, mbced crystals. 

(i) Tantalates and Tantalic acid. Tantalates are obtained by melting tantalum 
pentoxide with alkali hydroxide or carbonate. These double compounds of basic 
oxides with tantalum pentoxide, which functions as an acid anhydride, generally 
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have compositions analogous to those of the niobatcs. It docs appear, howev er, 
that tantalum pentoxide tends even more strongly than niobium .pentoxide to 
form adsorption products ofstoichiometrically ill defined composition, as well as the 
normal compounds with basic oxides. 

The reaction of tantalum pentoxide with excess sodium carbonate, in the melt, procerds 
much more sluggishly than with niobium pentoxide, but eventually leads likewise to the 
formation of the ortho-salt NajTaOi, as may be deduced from the quantity of carbon 
dioxide eliminated from the melt. The properties of the metatantalatcs correspond fairly 
closely to those of the metaniobates; in particular, the two series of compounds arc com¬ 
pletely isomorphous. In aqueous solutions, even under strongly alkaline conditions, the 
ions present are exclusively those of pentatantalic acid H;[TajO,6] according to the work of 
Jandcr (1925). Whether the hydrated crystalline tantalates are salts of this acid, and so are 
peniatantalates M'yTajOig.mHjO, or are hexatantalates M'^ l agOio-nH^O, in wliich part 
of the water is replaced by M'OH, is not yet settled. The potassium salt, crystallizing in six- 
sided prisms, and easily soluble in water (in contrast to the lithium and sodium salts), can 
be obtained according to Windmaisscr (194 1) with its composition, as expressed by th«- ratio 
KjO : TajOj corresponding either to 7 : 5 or to 8 ; 6, without the variation in composition 
having any effect on the crystal structure. The alkali tantalates arc strongly Indrolyzcd in 
solution. When the hydrogen ion concentration is greater than lo'® molar, complete decom¬ 
position occurs, with the deposition of gelatinous tantalum pentoxide, the so-called tantalic 
acid. The precipitation is hindered by some acids, which can unite with tantalum pentoxide, 
forming complex compounds—e.g,, by arsenic acid, arsenious acid, and especially by 
organic oxyacids such as tartaric acid and citric acid. It has, however, not been possible to 
isolate any coordination compounds of tantalic acid (e.g., corresponding in type to apatite 
or vanadinite, p. 102). 

It is very doubtful whether the so-called tantalic acid, precipitated from 
solution, represents a definite hydrate of tantalum pentoxide, such as the acid 
H7[TaoO,8] which Jander believes to be present, as its anion, in alkaline solutions. 
The problem is very similar to that of the Nb^Oj gels, except that the TajOj gels 
give up water rather more readily than do the latter. If Ta205 gel is dehydrated by 
heating it not too slowly, a sudden incandescence occurs at the moment that 
practically all the water is given ofT. The phenomenon, which also occurs with 
niobium pentoxide, is due (as in the case of titanium dioxide), to the sudden 
cr>'stallization of oxide, hitherto present in the quasi-amorphous state. 

Freshly precipitated ‘tantalic acid’ is soluble in an excess of strong acid, such as hydro¬ 
chloric, nitric, or sulfuric acid, probably with formation of acido-compounds, analogous to 
the behavior of niobic acid. These compounds are again decomposed, with the deposition 
of tantalic acid, on dilution with water. 

Tantalic acid is prepared technically by sulfuric acid decomposition of potassium 
fluorotantalate Kj[TaF7], the tantalum compound most readily obtained in the pure state: 

aKjTaF, + aHjSO, + sH^O = Ta^Oj -J- 2K.2SO4 + 14HF. 

Tantalic acid prepared in this way is always contaminated, to a more or less considerable 
degree, with substances adsorbed from solution. 

(ii) Peroxytantalales and Peroxylanlalic acid. Pissarjewsky obtained potassium peroxytanta- 
late, a compound of the composition KjTaOs'JHgO* by the action of hydrogen peroxide 
on a melt of tantalum pentoxide and potassium hydroxide, dissolved in water. The salt 
was thrown down from the aqueous solution as a white, finely divided precipitate on 
addition of alcohol. Salts corresponding in composition to this (but with different water 

• Under rather different experimental conditions, the anhydrous salt is obtained, as 
with the niobium compound (cf. p. 108). 
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content) could also be obtained with other cations. The compounds conuin 4 active oxygen 
atoms. Their constitution is accordingly expressed by the formula 


M', 


0|TaO| 

0/^0. 


—i.e., they arc derived from the orthotanlalates by exchanging the four O-atoms with four 
pcroxy-radicals, just as the potassium peroxyniobatc described on p. 108 is derived from 
the orthoniobates. 

It was possible to prepare a free peroxytantalic acid by treating the potassium peroxy- 
tantalaic with dilute sulfuric acid. It had the composition HTa04 (without inclusion of 
water content), and contained one active oxygen atom. It is thus analogous in its compo¬ 
sition and constitution to the peroxyniobic acid described on p. 108. 

(lit) Tantalum pentachloride, TaClj, results from the combustion of tantalum (or also of 
tantalum carbide, nitride, or sulfide) in a stream of chlorine. It can also be prepared by the 
reaction of tantalum pentoxide with certain chlorides (e.g., phosphorus pentachloride, 
carbon tetrachloride, carbonyl chloride, sulfur monochloride, or aluminum chloride). It is 
a yellow substance, usually vitreous, but obtainable in crystalline form by remelting or 
sublimation; it has a density of 3.68, melts at 216.5, and boils at 242°. The vapor density 
corresponds to the formula TaClj. If it is sublimed in an atmosphere containing oxygen, it 
decomposes with the formation of tantalum pentoxide. It is noteworthy that no oxychloride 
appears as an intermediate in this process, neither is such an intermediate product formed 
in the decomposition by water, which likewise leads immediately to the pentoxide (in this 
case in the gelatinous, hydrated form, the so-called tantalic acid), together with hydrogen 
chloride. At low temperatures, tantalum pentachloride adds on ammonia; Spacu (1937) 
has shown the existence of the 12-, 10- and 7-ammoniates. The last decomposes in the 
neighborhood of o'*, probably with the formation of Ta(NHj),Cly3NH, (ammonolysis). It 
has not been possible to obtain double salts of tantalum pentachloride, although the penta- 
fluoride has a great tendency to form such. 


(»V) Tantalum pentaJJuoride and FluorotantalaUs. According to Ruff, tantalum 
pentafluoride can be obtained like niobium pentafluoride, by halogen exchange 
between tantalum pentachloride and liquid hydrogen fluoride. It forms colorless 
prisms (m.p. 96.8*, b.p. 229®). According to Hahn it can also be prepared by 
heating barium tantalum fluoride, sBaF, • 2TaF,, in a platinum tube, while 
passing through a slow stream of air dried with phosphorus pentoxide. 


Tantalum pentafluoride cannot be obtained from solutions of tantalum pentoxide in 
aqueous hydrofluoric acid, because of its great tendency to hydrolyze. When such solutions 
are evaporated, and also when the dried residues are ignited, there is invariably some loss, 
through volatilization of tantalum in the form of the fluoride, unless the tantalum pentoxide 
dissolved was completely free from alkali. If it docs contain alkali, volatilization of tantalum 
fluoride can take place to a considerable extent, because the alkali fluorotantalate, formed 
under these circumstances, breaks up into its components when heated; one product is the 
relatively easily volatile tantalum pentafluoride. This volatilization can be prevented in 
practice by the addition of sulfuric add which decomposes the tantalum fluoride. 


In contrast to the free tantalum pentafluoride, its complex salts, the fluoro- 
tantalates can readily be obtained from the aqueous solution of tantalum or tantalic 
acid in hydrofluoric acid. The fluoro complexes separate from solution on the 
addition of the corresponding metallic fluorides. Most of the fluorotantalates 
correspond to the type 2M*F • TaFj. In addition to these compounds of the type 
M'F • TaFj and a sodium salt of the composition 3NaF ■ TaFg also exist. The po* 
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tassium salt of the first mentioned type, 2KF • TaF,*, which crystallizes anhy- 
drous, is used for the separation of tantalum from niobium and titanium, on ac¬ 
count of its sparing solubility. It forms at once if potassium ions are introduced 
into a solution of tantalum pentoxide in hydrofluoric acid. Since it is considerably 
more soluble in warm solutions than in cold, it can readily be obtained in a well- 
crystallized state. It forms fine rhombic needles, which can also serve for the 
microscopic detection of tantalum. Recrystallization from hot water must be 
carried out in the presence of excess hydrofluoric acid, since hydrolytic decompo¬ 
sition occurs otherwise. 

It has not yet been fully established whether the hydrolysis of fluorotantalatcs leads 
immediately to tan^lic acid, or whether oxofluorotantalates, in the form of definite com¬ 
pounds, appear as intermediate products. In any case, the tendency to form oxofluoro- 
compounds is much smaller with tantalum than with niobium. Hahn was able to isolate a 
fluorotantalic acid, with the composition HF TaFj fiHjO, as feathery needles of m.p. 15°, 
from a solution of pure tantalum pentoxide in hydrofluoric acid. 

(b) Ta n ta l u m Compounds of Lower Valence States 

(») Tantalum Chlorides. Lower chlorides of tanulum can be obtained (Ruff, 1922 and 
1925) by heating tantalum pentachloride at 360° in an air-free sealed tube with aluminum 
powder (in the presence of some aluminum chloride, to facilitate initiation of the reaction). 
Tantalum(III) chloride, TaCls, is the compound most readily obtained in this way. This 
reacts reversibly in the molten state with an excess of TaCI,, forming TaCl*: 

TaCla -i-TaCls 2TaCl4. 

If the tantalum pentachloride is distilled off at 350-400®, pure tantalum trichloride 
remains behind. On raising the temperature further (to 500-600®) the trichloride again 
splits off tantalum pentachloride: 

3TaCI, = 2TaCl, + TaCij. 

All these chlorides are green, and solid at ordinary temperature. They differ characteri¬ 
stically in their behavior towards water. The tetrachloride is decomposed according to 
the equation 2TaCl4 + 5HjO = TaClj -+- Ta(OH)5 ■+■ 5HCI. The trichloride is soluble 
in cold water without change, forming a greenish solution. A green hydrogel is precipi¬ 
tated from the solution by OH“ ions, and is soluble not only in acids but also in excess 
of caustic alkali. It thus resembles aluminum hydroxide in its amphoteric behavior. It has 
a very energetic tendency to undergo oxidation, however, and decomposes water on 
boiling, forming tantalic acid: 

Ta{OH), + 2HaO = Ta(OH)j -|- Hj. 

A corresponding decomposition of water at 100® is also brought about by the trichloride. 
The dichloride of tantalum is practically insoluble in water, but is nevertheless oxidized 
to a tantalum(III) compound even by cold water, hydrogen being evolved: 

TaQ, -f- H ,0 = Ta++^^ +2GI- + OH- -f ^H,. 

When a solution of tantalum(III) chloride, containing excess of hydrochloric acid, is 
evaporated in a vacuum, it deposits a particularly stable chlorine compound of trivalent 
tantalum, TajCl,0*3Hj0. This compound was therefore actually obtained before the simple 
trichloride. From this, several derivatives may be prepared, which likewise contain 3 atoms 
of trivalent tantalum in the molecule. 

♦ The compound is to be regarded structurally as a heptafluorotantalate, K4[TaF7], with 
coordinatively 7-valcnt tantalum, as Hoard (1939) has shown by a complete X-ray 
structure determination, using Fourier analysis methods. The same applies to the niobium 
compound of analogous composition (cf. p. no). 
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(Ii) lantalurn Carbides. Tantalum forms two carbides. Like TiC and ZrC, the braMy- 
vcllow raC> crystallizes with the rock salt structure {a = 4-445 A). It resembles these other 
carbides in that it can lake up a certain amount of metal in solid solution (up to 10 atom-%), 
(For conductivity, see p. 50.) Ta,C is grey and forms a crystal lattice in which the tantalum 
atoms are arranged in hexagonal closest packing (a = 3.091 A, c = 4.93 A). 

(hi) Tantalum Nitride, TaN, forms as a grey powder, when tantalum is heated in an 
atmosphere of nitrogen. The heat of formation is 58.1 kcal/mol. (Neumann, 1934). 


12. Analytical (Tantalu 


I I 
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I antalum is extraordinarily similar to niobium from the analytical standpoint. However, 
potassium fluorotantalate, K^TaF,, which crysullizcs from a concentrated hydrofluoric 
acid solution of lanulic acid on addition of potassium fluoride, is considerably more 
sparingly soluble than the analogous niobium compound. The latter, in particidar, readily 
dissolves in warm water, being transformed into K,[NbOFj], whereas potassium fluoro* 
tantalate is changed into a very sparingly soluble basic salt on boiling with water. Contami¬ 
nation of niobium by tantalum can readily be detected by means of this reaction. 

The method of Powell and Schocllcr ('Analysis of Minerals and Ores of the Rarer Elements^ 
Cirilfin, London, 1955) is generally employed for the analytical separation of Untalum 
from niobium. This depends on the fact that the oxalatotantalate complex is more readily 
decomposed than the oxalatoniobate complex. The tantalic acid liberated by hydrolysis 
is precipitated by the addition of tannin, with which it forms a pale yellow adsorption com¬ 
plex, whereas niobic acid, which is only precipitated at rather higher pH values, forms a 
bright red tannin adsorption compound. 


13. Protactinium 

Protactinium was discovered in 1918 by Hahn and Meitner and, independently, 
by Soddy and Cranston. The guiding idea in the search for the parent element of 
actinium was the supposition, based on the displacement law (p. 529) that the 
element sought must be a homologue of tantalum. When the trivalence of actinium 
had been established by von Hevesy’s diffusion experiments and Fleck's investiga¬ 
tion of its chemical behavior, so that actinium had been assigned to its place in the 
Illrd Group of the Periodic System, it followed from the displacement law that 
actinium must necessarily be the daughter either of a ^-emitting element of the 
Ilnd Group, or of an a-emitting element of the Vth Group. In the former case, 
the parent of actinium would have been an isotope of radium. However, since 
radium and actinium are both ultimately derived from uranium, the isotope in 
question must already be admixed with radium in the ores, and such a ^-emitting 
isotope of radium could hardly have remained undiscovered. The second possi¬ 
bility was, accordingly, much more probable—that the element sought belonged 
to the Vth Group of the Periodic System, and would be an as yet unknown homo¬ 
logue of tantalum, disintegrating by emission of a-particles*. To isolate such an 
element, pitchblende residues were treated with tantalic acid, and the latter was 
separated again. Expectations that the homologue of tantalum sought for would 
be separated with the tantalum ‘carrier* were fulfilled. The tantalum pentoxide 
recovered from the pitchblende residues proved to be radioactive, and was shown 
to contain the parent element of actinium by the fact that the short lived disinte- 

* The only radioactive homologue of tantalum known up to that date, Uranium X,, is 
a /?-emittcr. 
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gration products of actinium, which are easily identified by their cliaractcristic 
decay curves, were formed from it. The name prolactinium (Greek 6 TrpwTO?, first in 
the series), conferred on the element by Hahn and Meitner, expresses this rela¬ 
tionship to actinium, as its immediate precursor. 


ProUctinium, or rather its pentoxide, is relatively easily obtained in the radioactively pure 
slaU i.e., free from other radioactive substances. Its preparation in the chemically pure state, 
on the other hand, is extremely difficult, since it displays a very great similarity to tantalum 
pentoxide, from which it is distinguished bnly by its slightly stronger basic character. This 

minuteness of the quantities in which protactinium 
occurs in pitchblende. For i ton of uranium, in any uranium mineral, there is present in 
radioactive equilibrium only 314 mg of protactinium (cf. p. 537), as well as 332 mg of 
radium. However, in 1928, von Crosse succeeded in isolating 9 mg of the pure pentoxide 
PajOj* from about 500 kg of starting material. A few years later (1934) he prepared about 
100 mg of pure Pa20s, and at the same time Graue and Kading obtained 500 mg of Pa, in 
the form of KjPaF „ using 5 J tons of starting material. The great similarity between protac¬ 
tinium and tantalum was confirmed by this preparative work. It was found, however, that 
PagOj displayed perceptibly less acidic character than does TajOj; it approximates more 
closely to Zr02 in this respect. By applying zirconium and tantalum reactions alternately, 
such a far-reaching enrichment in protactinium was achieved that a solution of the potas¬ 
sium double fluorides ultimately furnished pure PaF5.2KF by fractional crystallization. 

Von Crosse (> 934 ) prepared minute amounts of protactinium in the metallic state, 
by two methods: (i) by decomposing the oxide by bombardement with cathode rays, and 
(j’l) by thermal decomposition of PaClj or Palj on an electrically heated tungsten wire in a 
high vacuum. Metallic protactinium is grey-whitc and lustrous, and is not oxidized in air. 
The pentachloride PaClj (pale yellow needles, easily sublimed, m.p. 301 can be obtained 
from the oxide by heating it in a current of phosgene at 550'^: 

Pa^Os + 5COCI2 = 2PaCl5 + 5CO,. 

The genetic relationship of protactinium to actinium, leaves no doubt that pro¬ 
tactinium fills the place in the Periodic System indicated by the atomic number 
91; its properties also show its general homology with tantalum. The value 231, 
found experimentally for its atomic weight by von Grosse (1935), agrees with 
that which may be deduced from the place of protactinium in the actinium dis¬ 
integration series. The end product, actinium D, is a lead with the atomic weight 
207 (cf. p. 537 et seq.). This is derived from protactinium, however, by a total of 
6 a-ray transformations (cf. Table 60, p. 537). The atomic weight of protactinium 
must, accordingly, be about 6 x 4 = 24 units higher than that of actinium D 
(actinium lead)—i.e., about 231. For the radioactive properties of protactinium 
see p. 537. 

Of the radioelements to which places must be assigned in the Periodic Table, 
protactinium ranks next to radium in the amounts in which it occurs in Nature. 
Although its half life (32,000 years) is much longer than that of radium (1590 
years), it is less abundant than radium. This is because radium *®*Ra is a member 
of the decay series of the most abundant isotope of uranium, hence 99.3% of 
the uranium follows the disintegration path through ionium and radium, and the 
natural abundance of radium is determined by radioactive equilibrium with the 
***U. Protactinium is formed by a-particle emission from actinouranium *” 0 , 
which is present only to the extent of 0.7% in natural uranium. 

♦ In this and the immediately following paragraph, the reactions are interpreted in 
terms of the chemical reactions postulated by von Grosse. It is not certain that he did, in 
fact, isolate PagOj (cf. p. 118). 
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More recently it has been possible to extend the knowledge of protactinium 
cl.en.istry by the use of the protactinium isotope made from "n-h by nuclear 

reactions in the atomic pile: 

wrrh fn. y>^ JaSTh , ”*Pa j ***U. 

j33pa is a /^emitting radioelemcnt (half life 27.4 days), and is convenient for the 
‘tracer' study of the chemistry of protactinium. Sellers, Fried, Elson and Zacharia- 
sen (1951) have identified a number of protactinium compounds on the micro- 
chemical scale. I'hev state that the white oxide obtained by heating the oxalate or 
oxide hydrate is not'Pa.Os, but is PaO^.j^ or Pa,0, (cf. the uranium oxide systern). 
This is reduced Ijv hydrogen at 155*^° black PaO* (cubic, CaF, structure, with 
a = 5.51 A), but can be oxidized to Pa,Os (orthorhombic, isotypic with TaaO,) 
I>y heating it in oxygen to i loo*’. PaO was also observed (cubic, NaCl structure, 
^ ^ (jy X) on the surface of protactinium metal (cf. UO, p. 198). 

IVeatment of PaO, with a mixture of HF and hydrogen at 600® converted it to 
Pal-4 (red brown solid, isotypic with ZrF, and ThF,). This tetrafluoride was reduc¬ 
ed liy barium vapor to metallic protactinium, which has a unique tetragonal 
structure {a = 3.925 A, c = 3.238 A) derived from the body-centered cubic 
structure. Metallic protactinium, like its neighbors in the Periodic System, tho¬ 
rium and uranium, reacted with hydrogen to give a cubic compound identified 
as protactinium hydride, PaH,. A volatile chloride was formed by the action of 
CCl, on the oxide, and is presumed to be PaCls although this has not been proved. 

Tins more recent investigation of the chemistry of protactinium, in agreement 
with studies of the solution chemistry of protactinium (Bouissiercs and Haissinsky, 
1948-49) would seem to establish that the quadrivalent state is more important 
for the chemical behavior of protactinium than the pentavalent state, and that the 
clement therefore has a closer horizontal relationship to the adjacent elements, 
thorium and uranium (in the uranium(IV) compounds) than it has to tantalum. 
The analogy with tantalum nevertheless proved a good guide in the discovery and 
first isolation of the element. 
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CHAPTER 5 


SIXTH SUB-GROUP OF THE PERIODIC SYSTEM: 
CHROMIUM, MOLYBDENUM, TUNGSTEN (WOLFRAM), 

AND URANIUM 


Atomic 

numbe,^ Elements 

Sym¬ 

bols 

Atomic 

weights 

Densi¬ 

ties 

Melting 

points 

Boiling 

points 

Specific 

heats 

Valence 

states 

24 

Chromium 

Cr 

52.01 

7-2 

1830° 

ca. 2300^ 

0.1178 

I. rr. nr 
IV, V, VI 

42 

Molybdenum 

Mo 

95-95 

10.2 

2600° 

ca. 4800® 

0.0589 

II, III, IV, 
V, \’I 

74 

Tungsten 

(Wolfram) 

W 

183.86 

> 9-1 

3400 ^^ 

ca. 5700® 

0.0324 

II, III,IV, 
V, VI 

92 

Uranium 

U 

238.07 

19.0 

1130* 

ca. 3500® 

0.0274 

II. Ill,IV, 
V, VI 



(a) General 

The sixth Sub-group of the Periodic System contains the metals chromium, 
molybdenum, tungsten (or wolfram), and uranium. These are all found to 
function in several valence states; they have a maximum valence state of six in 
their normal compounds, as corresponds to the group number. In acid solutions, 
chromium is most stable in the 4-3 state, but is readily oxidized to the +6 state 
in the presence of alkalis. The homologues of chromium are most stable in the 
hexapositive state under ordinary conditions. For uranium alone, the tetrapositive 
state is comparable with the -f-6 state in importance, but the other valence states 
of this element are relatively unimportant. In general, these elements differ from 
those of the Main Group, in that odd valence states occur as well as even ones. 
The principal feature common to the elements of the Vlth Sub-group and Main 
Group, apart from their maximum valence state of six, is the ability of their 
trioxides to form salts with basic oxides. 

The simplest chromates, molybdates, tungstates, and uranates have compo¬ 
sitions analogous to the sulfates M‘2S04. The elements of the Sub-group differ 
from those of the Main Group in their strong tendency to form compounds which 
contain mortf than i equivalent of acid anhydride to i equivalent of basic anhydride. 
Thus, chromium, in addition to chromates M'2Cr04(= MjO • CrO,) and di¬ 
chromates M‘2Cr207(= M‘20 • 2Cr05) (the latter corresponding in their compo¬ 
sition to the pyrosulfates M'jSjO, = M ',0 • 2SO3), also forms trichromates 
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M'2Cr30,o(=^ • sCrOs) and tetrachromates * ^CrO*). 

In the molybdates and tungstates, the number of molecules of acid anhydride, 
MoOj or VVOj, per molecule of basic anhydrides M% 0 , is frequently much 
greater. The acids underlying the formation of these types of salts are called 
pnlyacids {these are further discussed under lungstgn). Uranium has a much srnaller 
tendency to form such high molecular polyacids; nevertheless the ordinary 
uranates have formulas corresponding to the pyrosulfates, and not to 

the normal sulfates. 

I he strength of the acids derived from the trioxides decreases greatly from 
chromium to uranium. The compound of uranium, UOj • H ,0 or UO,(OH) j, 
corresponding in composition to chromic acid, can be regarded as an amphoteric 
hydroxide, in which the acid character is quite subordinate, whilst the com¬ 
pound has a very marked capacity for salt formation with acids, forming the 

uranyl salts UOjXa {X = univalent acid radical). 

The hydroxide of quadrivalent uranium apparently has a purely basic character. 
Chromium(III) hydroxide is amphoteric, although its basic character greatly 
preponderates. Hexavalent chromium forms no salt-like compounds at all. 
Chromyl chloride, CrO,CI*, is a typical acid chloride, whereas uranyl chloride 
UOaCU possesses a very distinct salt-like character. 

Molybdenum and tungsten do indeed form compounds with acid anions. Almost without 
exception, however, these arc compounds in which the element in question combines with 
acid radicals, to form a more or less strongly bound complex anion. From the standpoint 
of the coordination theory, the constitution of the anions so formed—c.g., the complex ions 
[Mo{CN) 8]*- and [W{CN)8]*- formed by molybdenum and tungsten—does not in any 
way differ in principle from that of the ions of the oxyacids, e.g., [MoO*]*" and [WO4]*". 

As is the case almost throughout the Sub-groups of the Periodic System, the 
Sub-group VI elements display a very marked tendency to form acido-compounds 
(anionic complexes). With trivalent chromium, however, in addition to the 
capacity for binding acid radicals in the complex, there is also a strong tendency to 
combine firmly with neutral molecules^ especially of ammonia and derivatives of 
ammonia. The complex compounds so formed are grouped together under the 
name of chromium ammines. A feature peculiar to the chemistry of molybdenum 
and tungsten is that the acid ions derived from them—e.g., M0O4" or W04*' and 
Mo, 0 ,o” or W, 0 ,o”—readily attach themselves to certain elements as central 
atoms of complexes—c.g., to phosphorus in the form of phosphoric acid, to 
silicon in silicic acid, and to boron in boric acid. They thereby give rise to complex 
acids, often of quite complicated composition, though mostly based on relatively 
simple structural principles, the so-called heUropolyacids. The best known repre¬ 
sentative of these is the 12-molybdatophosphoric acid, which (neglecting its water 
content) has the analytical composition H3P04* 12M0O5*. The test for phosphoric 
acid by means of ammonium molybdate, already cited in Vol. I, Chap. 14, 
depends upon the formation of the sparingly soluble ammonium salt of this acid, 
when molybdate, phosphate, and ammonium ions are brought together in concen¬ 
trated nitric acid solution. 

The melting points and boiling points of the metals of the sixth Sub-group are 
for the most part very high. They rise extremely steeply from chromium, through 

* For the constitution of the compound see p. 180 et seq. 
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molybdenum to tungsten, only fo fall again strikingly with uranium. This is 
probably to be associated with the fact that uranium, at ordinar\- temperature, 
has a crystal structure differing from that of its homologues. Chromium, molvl)- 
denum, and tungsten crystallize with the body-centered cubic structure (scc\’ol. I. 
p. 210 Fig. 47), with the cell dimensions a — 2.878, 3.141, and 3.158 A, wliereas 
uranium is trimorphous, the form stable at ordinar\’ temperature (a-uranium) 
being orthorhombic. 

If tungsten is deposited clertrol> tically from a solution of \S’03 in fused alkali phosphates, 
it is obtained in another modification {(i-W), which passes monotropically over into the 
ordinary' modification (a-^V) above 600'’. In the cubic unit cell of fi-W, the cube face centers, 
as well as the body center and cube corners are occvipied by tungsten atoms (sec Fig. 20). 
Chromium is also frequently deposited electrolylically in the form of unstable modifi¬ 
cations. having either a structure of the Mg type (cf. 

Vol. I, p. 249) or of the u-Mn type (cf. p. 24). In 
this case also, a monotropic transformation into the 
ordinary form takes place on heating. 

Uranium has a structure which is encountered with 
no other element. According to Warren (1937). it 
forms a rhombic cr>’stal lattice which can be regarded 
as a deformed hexagonal packing. Whereas in the 
latter each atom is surrounded by 12 others at equal 
distances, in uranium 4 neighbors are drawn in closer 
(q each at 2.76 and 2.85 A. respectively) than the 
other 8 (4 each at distances of 3.27 and 3.36 A). 

This modification (a-uranium) changes above about 
665® into ^-uranium, and this in turn at 775® into 
y-uranium. ^-Uranium has a very complex, unique 
structure. Tucker (1951) and Thewlis (1951-52) have Fig. 20. ^-Tungsten, a = 5.038 A. 
shown that it is tetragonal. It cannot be stabilized at 

ordinary temperature by quenching, but Thewlis found the cell dimensions to be a = 
•0-759A, c— 5.656 A at 720®. The uranium atoms fall into six crystallographically 
distinct sets, and the U distances range from 2.53 to 3.91 A. y-Uranium forms a 

body-centered cubic structure; at 805® the cell dimension is a = 3.524 A (Thewlis, 1951). 
Although the y-form of pure uranium cannot be obtained at ordinary temperature, it is 
stabilized by certain alloying additives (e.g., Cr and Mo). The hypothetical cell dimensions 
at room temperature have been deduced from those of the stabilized y-phase in U-Mo 
alloys, by extrapolation to 0% Mo. A value of <2 = 3.474 A was obtained in this way, 
corresponding to a U <-+ U distance of 2.97 A. 

The alomU radii of the elements of the sixth Sub-group, based on the atomic distances in 
the crystal lattices of the metals, arc collected in Table 14. The table also contains the radii 
of the M^'*’ and M^+ ions, based upon the lattice dimensions of the oxides. Adequate data 
are not yet available for calculating the radii of the ions in the 6-fold positive charged state. 

TABLE 14 


APPARENT ATOMIC AND IONIC RADII OF THE ELEMENTS OF SUB-GROUP VI 


Element 

Chromium 

Molybdenum 

Tungsten 

Uranium 

Atomic radius, A 

‘■25 

1.36 

i '37 

1.48 

Radius of M®+ ion, A 

0.65 

— 

— 

1.06 

Radius of M^* ion, A 

■ 

0.68 

0.68 

1.05 

Uranium has the highest atomic 
the naturally occurring elements. 

number and the highest atomic 

weight of all 
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In T;,hlc 1 ' arc collected the molar heats of formation of the principal oxides of the metals 

lo'lhrtrSc ’ \part from .his, fhc heat of formation even of ehromionj sesquiox.de « 
elmivcK sma i by comparison with .he molecular heat of formauon of alununum o«^ 
TsM kcaV^hi; is of importance in connection with the pr,p.mtu,r. of ehrom.um d.scussed 

below. 

TABLE 15 

HEATS OE FORMAT.ON OF THE OX.DES OF THE ELEMENTS OF SUB-OROUE V. 

(in kcal per mole of oxide) 


Element 


Chromium MolyWenum Tungsten 


Uranium 


(I, for sesquioxide, MjOs 
Q_f for dioxide, MO2 
(If for trioxide, MO3 


268.9 

• 37 « 


142.8 

1^.4 


« 3«*4 

* 95-5 


269.7 

303-9 


When heated, chromium, molybdenum, and tungsten readily unite not only 
witli oxygen, halogens, phosphorus, sulfur and its homologues, but also with 

carbon, silicon, boron, and (less readily) with nitrogen. 

Fhesc metals (except uranium) are notable for their ability to form compounds 
with carbon monoxide, namely carbonyls M(CO). (colorless rhombic crystals). 
These may be obtained by the action of CO and Grignard’s magnesium com¬ 
pounds on the halides of the metals in question (Job, cf. p. 354); the carbonyls of 
Mo and W can also be made direedy. by the action of CO on the metals above 
225" under high pressure (200 atm.). The metal carbonyls cited may be subUmed 
without decomposition under reduced pressure. They are insoluble in water, but 
soluble in indifferent organic solvents, such as benzene. They are remarkably 
stable towards chemical reagents, especially towards acids and alkalis. For further 
discussion of metal carbonyls sec p. 351 et seq. 


(b) Alloys 

A fairly detailed knowledge is extant as to the alloys of the metals of the Vlth 
Sub-group, other than uranium, as is shown by the daU set out in Tables 16 and 
17. It is evident that their behavior towards other metals depends on their place 
in the Periodic System. In general the tendency to form compounds with other 
metals is not very strong. Extensive mixed crystal formation is almost invariably 
the behavior displayed towards the transition elements. 

Only in exceptional cases do the Sub-group VI metals form compounds with the keavj> 
metals of the Main Groups, and mixed crystals are either not formed at all, or only within very 
narrow limits. As far as is known, there is also hardly any miscibility with the light met^ 
in the solid state. The compounds with these latter mostly melt incongruendy, indicating 
that the binding forces in the compounds arc but weak. No compounds of the metab of the 
Vlth Sub-group with alkali and alkaline earth metals are known. However, no cx^t 
mctallographic investigations of these systems have been reported, and they could be carried 
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CHROiMIUM 




°'' P«-*^ -f COm- 

me^Ils ’ ^ ^ chemical aggressiveness of the vapors of the alkali and alkaline earth 

m 'Y T‘^‘* S«^b-group with the non-metals of the Illrd 

to yith Mam Groups closely resemble the intcrmetallic compounds m their structures and 
in the conipositions, and they arc therefore also included in Table iG. In some cases 
mn-Dollomd, compounds are formed with the non-metals named. Apart from hydrogen fo; 
which chromium possesses a considerable solvent power (cf. p. 129), the metals of the \ Ith 

Sub-group can not take up any considerable amounts of the non-metals without under¬ 
going a change in cr>'s!al structure. 

.he^orhe'" k""" towards the iraruHion metals is quite different from that towards metals of 
he other Sub-groups. \\ ith the transition metals immediately following them*, i.e with 
the metals of the yith and \ Illth Sub-groups, the metals of the \ Ith Sub-group mostly 
form mixed crystayystems of wide extent. In the liquid state, miscibility is complete in all 
cases except perhaps m the system Mo-Pt. The excellent alloying ^P- rties of these 
metals, especially with metals of the iron group, are of considerable technical importance 
(see P- 2b8). In many cases, compounds between the metals of the Vlih Sub-group and 
those of the iron group are formed out of primarily deposited mixed crystals, as a result of 
transformations taking p ace during cooling-frequcntly proceeding without change of 
composition, i.e., simply characterized by a change of structure (compare pp. 15 and '120)- 
such compounds are denoted in Tables 16 and .7 by the sign [). Alternatively, superb 
siruclurt phases appear on annealing, the formulas of these are enclosed in square brackets. 
In systems where miscibility of the components in the solid state is limited, compounds of 
incongruent melting point generally occur (denoted by asterisks). 

The metals of the Vhh Sub-group form no compounds among themselves. Chromium 
rndydenurn, and tungsten form mixed crystals with each other in all proportions. 

The metals of the Vlih Sub-group are not completely miscible in the molten state with 
those metals of the yb-poup which follow the transition elements (i.e., with the metals 
of the 1 st and Ilnd Sub-groups). The only exception known with certainly is formed by 
the system Cryu; in any case this system displays a considerable degree of miscibility 
even in the solid state: gold is able to incorporate up to 40 atom-% of chromium in its 
costal lattice. No compounds are formed between the metals of the Vlth and those of 

the 1 st Sub-group, and the existence of compound with metals of the Ilnd Sub-group have 
not been established with certainty. 


2. Chroznium (Cr) 


(a) Occurrence 

The most important chromium ore is chromite, a double compound of iron{II) 
oxide and chromium(III) oxide, FeCr^O*. It is found in considerable quantities 
m the Urals, in South Africa, New Caledonia, Greece, Asia Minor, in the 
Scandinavian peninsula, in Hungary and in Bosnia, and in smaller amounts in 
Upper Silesia, Moravia and Styria. In addition crocoisite, PbCrO^, which occurs 
especially in Brazil, as well as in the Urals, has some technical significance. 

Chromium is frequently found to replace aluminum in aluminum minerals. 
Thus chromium spinels, chromium tourmalines, chromium garnets, chromium 
micas, and chromium chlorites are known**. The true emerald isaform of beryl, 
colored dark green through incorporation of chromium in the place of aluminum! 

* Very little is known of the behavior of the metals of the Vlth Sub-group towards the 
transition metals preceding them (cf. Tables 9 and 13). 

** Chlorites in mineralogy comprise certain mica-like minerals (differing from the micas 
m being alkali-free) which occur especially in many schists (chlorite schist). 
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(b) History . 

( hronuum was discovered in > 797 . by Vauqueiin, in a Siberian 

■ nd w as named after the beautiful colors which characterized its compounds {Gr. xpwpa - 

loll I was ver> soon identified in other minerals also, especially m chromite by Tas- 
vK rt in .709) \ alquelin succeeded in reducing the oxide to the metal, by meansof car^n. 
SI .rung film experiments on the production of metallic chrornium, Goldschmidt, in 1894, 
d ■ i -Tt e aluniinothermic process, which he then immediately applied to the preparation 
ol other metals of high melting point, as well as to the attainment of high temperatures 

within a small volume. 


(c) Preparation 

riic starting point for the technical preparation of chromium and its com- 
noimds is almost always chromite. If pure chromium is not required, but only its 
{carbon-containing) iron alloy {ferro-chromium), the ore may be directly reduced 
with carbon (in the Siemens-Martin furnace, or in the electric furnace): 

FcCrjO, i- 4C = 4^0 -f Fc 2Cr. 


For the preparation of pure chromium, on the other hand, the purest possible 
chromium oxide must first be obtained. From this, carbon-free chromium is ob¬ 
tained bv aluminothermic reduction; 

CrjOj + 2AI = AljO, -f 2Cr -f 130 kcal. 

1 hr preparation of pure chromium oxide proceeds by way of the alkali chromates or 
dichromales. I hc chromite is first fused in the hearth of a reverberatory furnace, with the 
addition of alkali hydroxide or carbonate, and burned hmc. By this means the chromium 
IS transformed into chromate, through the oxidizing action of the furnace flame, in the 
presence of an excess of oxygen. The chromate Icachcd out with water is converted to 
dichromatc by the addition of acid. After the separation of more sparingly soluble com¬ 
pounds th<‘ dichromate is deposited from the concentrated solution in a sufRciently pure 
state. Pure chromium(III) oxide is obtained from this by reduction with carbon; sawdust 
or starch can be used in place of wood-charcoal; 

NajCrjO, -f 2C = Cr.O, -t- NajCOj -F CO. 

1 he aluminothermic preparation of metallic chromium from the oxide is carried out by 
igitiiing a mixture of the latter with aluminum powder. The addition of a litde chromate is 
advantageous, so that the mixture burns uniformly, or the chromium oxide may be previ¬ 
ously ignited with the addition of a little alkali (whereby chromate is formed). Rather less 
than the theoretical amount of aluminum is used, in order to obtain the chromium as free 
as possible from this agent. The economic superiority of the aluminothermic production of 
('hi«>iiiium over other processes is partly due to the fact that the fused aluminum oxide 
oluaii.'id as a by-product (artificial corundum) finds application as an abrasive and polishing 
agent. Cliroinium prepared by the aluminothermic method is, however, not absolutely 
pun . \b>olutc!y pure chromium is malleable when hot, unlike ordinary aluminothermic 
chnni.iuri). although it is also brittle at ordinary temperature; it can be obtained by de- 
gas>ing I li (trolyiic chromium by heating it in high vacuum, or by reducing CrClj or 
(bs means of Ca in a CaCl, or BaClg melt (Kroll 1935). 


The elntrolytic deposition of chromium is employed for the production o{protective 
(“dtiniii (111 other metals. The usual procedure is to deposit the chromium from 
w.nm chrmnic acid solutions, to which chromium(lll) sulfate has been added. 
In accordance with the position of chromium in the electrochemical series, it is 
clesposiied as metal only at high current densities, when much hydrogen is evolved 
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simultaneously. Since this alloys itself with the metal to some extent, .uul makes it 
porous and fissured, it must be subsequently removed b\' heating. In so doiiiy tli(‘ 
unstable modifications of chromium which are often formed first are transformed 
into the stable modification, and a considerable increase in hardness is lu<juyht 
about in consequence. 

The technique of electrolytic chromium plating was originated in its fuiuianu-ni.ils. In- 
Foerster. The process*^ involved in it are not yet explained in all their details, aliliough the 
essential features are clear, chiefly as a result of the investigations of Sargent (i ().jo and later -. 
Liebreich (1921 and later), and .Muller (1926 and later): (see EUklfochem. .|o (irj j j, 

43 (| 937 )> 3 ^ 0 - If ^ sufficiently strong current is passed through a pure chiomu ac id 
solution, between chemically inert electrodes, a vigorous evolution of Indrtigen takes place 
at the cathode after reduction of HCrO," to Cr'^'^* ions has occurred initialb to a slight 
extent. This occurs even though the potential at which ions are diseharge ci lies about 
1.3 volts lower than that required for the reduction of the HCrO^- ion (cf. \’ol. I. p. . 
and is a result of the formation on the cathode of a film of basic chromium! Ill) chromate. 
Cr(OH)[CrO^]. This film is impermeable to HCrO,- ions, and therefore keeps those ions 
from reaching the cathode. .According to Muller, it must be supposed that the [Cr(OH 
groups are all directed towards the cathode and the (CT04]*' groups towards the anode; 
otherwise the chromium(III) chromate would be soluble in the chromic ac id, as it is in all 
strong acids. The film is permeable to H* ions, as it is to certain other ions also--e.g.. 
HSO4- and F-. ions can accordingly pass through the film, and be discharged at the 
cathode. Ifforeign ions, such as HSOi" and F', arc present simultaneously in the solution, 
a proportion of these are carried through the film by the ions. Fhe acid which has 
reaerhed the cathodic side attacks the membrane, making it porous. The pores are blocked 
again by the entry of HCr04- ions into them; the.se arc at once reduced at tlie catliode to 
(Cr(OH)J*''' ions, fresh ones are dissolved by the acid diffusing in and so on. In this way, 
Cr"'"*"^ ions are accumulated at the cathode surface, while H*" ions are simultaneously 
used up, by reaction with [Cr(OH)]*^ groups. The consequence is that at sufficiently high 
current densities, the discharge of H'*' ions is accompanied by the simultaneous discharge of 
Cr+-^+ ions and deposition of metallic chromium. .A pre-requisite condition for this is. of 
course, that the acid content of the solution is not too high, otherwise only hydrogen 
evolution occurs. Accordingly, chromium sulfate is generally added to the chromic acid 
solution rather than sulfuric acid. It is considerably more difficult to obtain compact and 
well-adhering chromium platings by the electrolysis of chromium sulfate solutions, free 
from chromic acid, than by the electrolysis of solutions containing chromic acid. The very 
chromium chromate film that hinders the deposition of chromium when foreign ions are 
absent leads, in the presence of such ions, to the formation of an especially fine crystalline, 
and therefore dense, hard and lustrous chromium coating, since the rate of growth of the 
individual crystals is repressed, but the formation of cr>stalli2ation nuclei is favored by the 
covering of the cathode surface with the film. 

(d) Properties 

Chromium is a white, brilliant, hard, brittle metal, of density 7.2. It has quite 
a high melting point (about 1800*) but its boiling point is not so high proportion¬ 
ately (about 2300° at atmospheric pressure). 

Chromium is extraordinarily resistant chemically at ordinary temperature. 
It is not oxidized noticeably in air, even in the presence of moisture, and only 
tarnishes superficially even when it is warmed. It burns, however, with showers of 
sparks, in the oxy-blowpipe flame and also on heating with potassium chlorate or 
potassium nitrate. It also unites directly with the halogens, with sulfur, nitrogen, 
carbon, silicon, boron, and with some metals, although only when heated. Chromi¬ 
um containing carbon is appreciably more resistant still, and is also considerably 
harder than the pure metal. Chromium dissolves in aqueous hydrochloric acid or 
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sulfuric acid—quite vigorously in certain circumstances. Nitric acid concentrated 
or dilute, on the other hand, and aqua regia in the cold, arc absolutely without 
action. If the metal is boiled with these acids, a slight action occurs; the reaction 
at once comes to a standstill again when the heating is interrupted. 

I hc peculiar stability of chromium towards the acids named arises from the 
fact that they put the metal into a particularly unreactive condition, which is 

termed a state of passivity. 


The phenomenon of passivity has already been encountered with other metals; it has been 
thoroughly studied in the case of chromium. It is evident that chromium experiences an 
alteration of its chemical character by treatment with the oxidants menuoned, since after 
such treatment it is also no longer dissolved by dilute hydrochloric or sulfuric acid, even on 
boiling If boiled for a long time, it can however be observed that the passive state eventually 
changes into the active state. This transition generally happens quite suddenly. At first 
there is hardly any observable evolution of hydrogen, but this sets suddenly, with such 
vigor that the whole liquid foams. If the hot acid is now replaced by cold acid, the evolution 
of hydrogen continues vigorously with this also. If, however, dilute or concentrated nitric 
acid is substituted for hydrochloric acid or sulfuric acid, the evoluUon of hydrogen ceases 
abruptly; the chromium has again become passive. The process may be repeated as often 

as dt*sircd. 


In the active state, chromium has a great tendency to give up electrons, and go 
into solution as a positive ion. It stands between zinc and iron in the electro¬ 
chemical scries. (The standard potential of completely active chromium, in contact 
with a chromium(ll) salt solution, referred to the normal hydrogen electrode, is 
-h 0.56 volt). Chromium can therefore displace many other metals—e.g., copper, 
tin, and nickel—from solutions of their salts. In accordance with this, it can also 
discharge hydrogen ions and is accordingly soluble in acids in its normal state. 
By passivation, however, chromium is displaced completely to the noble end of 
the series, to so great an extent that strongly passive chromium actually has a 
lower solution tension than gold or platinum*. It behaves therefore, in the passive 
state, as a decidedly noble metal. The metal is generally neither completely active, 
nor completely passive. In practice the solution tension of chromium is therefore 
a very ill defined quantity. 


The passivation of chromium is brought about not only by nitric acid and aqua r^a, 
but by all other strong oxidants. Oxidizing agents of different strengths passivate chromium 
to various extents ; a slight degree of passivation is even produced by the oxygen of the air. 
It is, accordingly, very difficult to obtain the metal in the pure active state. Acids which 
evolve hydrogen—e.g., hydrochloric acid—have an activating effect; activation is also 
caused to a lesser extent by many salt solutions, as also by some fused salts and also by many 
organic substances. The strongest activation is obtained when hydrogen is evolved electro- 
lytically at a chromium surface, or when chromium is deposited elcctrolytically from its 
solutions. 

A peculiar difference between active and passive chromium is observed during its anodic 
dissolution by means of the electric current. Whereas active chromium goes into solution as 


• A normal potential of—1.2 volt, referred to the normal hydrogen electrode, has been 
measured for the most strongly passive chromium. In comparing this with the corresponding 
figures for gold and platinxim it must be borne in mind that the solution tension of these 
metals is raised by their tendency to form complex ions. Gold and platinum, in contact with 
analytically equimolecular solutions show, accordingly, a greater tendency to go into solution 
than the most strongly passivated chromium, although if referred to the same concentration of 
free elementary ions their potentials would be rather lower than that of chromium. 
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the ion—i e., in the lowest common valence state that chromium displays* - passive 

chromium dissolves with the formation of CrO^ ions-I.e.. with the highest valence sUte 
assumed by chromium. Except for their chemical or electrochemical behavior, active and 
pa^ive chromium do not differ m any detectable way. There may perhaps be differences 

differences have been established with certainty, 
ror theories to explain the phenomenon of passivity, sec p. 750 el sea 

When chromium is deposited electrolytically from aqueous solutions of chromic salts 

It can take up considerable quantities of hydrogen (up to 60 volumes per unit volume of 

chromium at ordinary temperature, and up to 300 volumes at —50°). The chromium 

probably thereby forms a sort of supersaturated solid solution with hydrogen. If it is heated 

irreversibly given off at abTut 

60 to achieve complete de-gassing, hosvever, it is necessary to heat to nearly 600 TIu- 
cr>'stal structure of chromium is not altered by the absorption of hydrogen, but the lattice 
dimensions are somewhat expanded (Huttig 1925). According to W'eichselfelder, a hydride 
of stoichiometric composition CrH, can be obtained by the action of hydrogen on an ether 

not .Th trichloride, CrC^, containing phenyl magnesium bromide. It has 

not >et been demonstrated however, that this is indeed a chemical compound. 

bv from chromium amalgam 

nht^ H ^ ^ mercury, chromium is pyrophoric in the air. Colloidal chromium can be 

obtained b> electrical dtsperston under isobutyl alcohol, or by treatment of the most finely 
powdered metal alternately with dilute acids and alkalis. ^ 


(e) Uses of Chromium and its Compounds 

Metallic chromium finds its principal use in the steel industry. Chromium steels 
are characterized by hardness and strength, and are therefore employed for tools 
and for particularly heavily stressed portions of machines—e.g., the balls of ball 
bearing. Since too high a carbon content in these steels is deleterious, the ferro- 
chromium produced by reducing chromite with carbon, which is generally of high 
carbon content, cannot be used for the manufacture of the best products; chromi¬ 
um or ferrochromium produced by the aluminothermic process must be used The 

chromium steels often contain a third metal—e.g., nickel or tungsten—to improve 
their quality further. 

Other alloys, such as bronze and brass, are also frequently hardened by addition 
of chromium. A nickel-chromium-iron alloy in wire form {‘Nichrome’) is used 
for the winding of electric furnaces. 

Since chromium is the hardest of the useful metals, it is very suitable for the 
production of protective coalings. Electrolytic chromium plating [/] has rapidly found 
wide applications m the automobile and cycle industries. For many other objects 
also, chromium plating is used increasingly, in place of the brass coating 
formerly customary, or of nickel plating. 

The compounds of chromium are even more widely used than metallic chromi¬ 
um. Chromium(III) salts and chromates are used in the dye and color industry 
as mordants. In the leather industr>', they serve for the production of the durable 
chrome leather. Chromium(II) salts are used in vat dyeing because of their great 
reducing power. Chromates and dichromates are the most useful energetic 
oxidizing agents. They are used in large amounts as such, especially in the coal 
tar industry. They also possess the property of making gelatin and gum arabic 
insoluble in water after exposure to light, and find application in artistic photo¬ 
graphy (gum bichromate, bromoil, and similar processes). Numerous chromium 

* Since passivation would set in as soon as even traces of oxygen were evolved at the 
anode, the current density in the process must be quite small. 
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ccnpounds are employed as mineral pigments. Chrome yellow (lead chromate) 
chrome orange (basic lead chromate), chrome green (chroin.um(III) oxide) zme 
yellow (a double salt of zinc chromate and potassium dichromate aZnCrO*- 
KjCrjO,), and zinc green (a mixture of zinc yellow and Pans blue) may be 

mentioned as such. 

The chrome colors arc distinguished by beauty, light-fastn^. 'I,!rnoto^rdv 

and some of them possess particularly high covering i^wer. They find 

as building paints and artists’ colors, but also in wall paper printing and P""**"®’ 

in the manufacture of oil cloth and linoleum, and m colored glazes for porcelain. They a^e 
potsoTwus. and health precautions arc necessary in the preparation and use of chrome 

* the prl^uction of chrome colors, and in chrome tanning, it is desirable to use chromium 
salts which are as free as possible from vanadium. This requirement is generally n ot fulfilled, 
since the chromite ore which constitutes the raw material for their preparation ^ually 
contains some vanadium. Vanadium can be removed from the chromate solutions obtained 
in opening up the chromite, by a method described by Perrin (1952). This involves stirnng 
the solution with a suspension of lead sulfate, whereby the vanadium is precipilalcd m the 
form of lead vanadate (together with a certain amount of lead chromate). The precipitate 

can be worked up again for the recovery of vanadium. 

The world production of chromium ores amounted in 1936 to 900 000 tons. About 40 /<, 
of this came from the Union of South Africa and Rhodesia, 17% from Turkey, and about 

15% fr^”' Russia. 


3* Compounds of Chromium 

(a) General 

Whereas the compounds derived from bivalent chromium have a low stability, 
very stable compounds are formed from trivalent chromium. Hexavalent chromium 
also forms quite stable compounds. These are, however, reduced to chromium(III) 
compounds even by relatively weak reducing agents, such as hydrogen iodide, 
hydrogen sulfide, or alcohol, and generally decompose, with evolution of oxygen, 
at a red heat. Chromium is quadrivalent and pentavalent in but few compounds, 
and is still more rarely univalent. 

Trivalent chromium has a strong tendency to form complexes. Atoms or radicals 
bound to it are, therefore, frequently not dissociated off in solution, so that solu¬ 
tions of chromium(III) compounds often fail to give the reactions characteristic 
of chromium(ni) ions. The chromium(in) ions themselves are always present 
in aqueous solution in hydrated form; according to Brintzinger they are in the 
form of [Cr(HjO),5]+++ in dilute solutions. Six of the molecules of water are 
especially tightly bound to the chromium, so that they pass over with it into the 
salts crystallizing from such solutions. The ordinary chromium(III) salts—i.e., 
salts of the general formula [Cr(H,0)#]X3—have a violet color, as have their 
solutions. When the color of the salts of trivalent chromium, or of their solutions, 
differs appreciably from this violet hue, it invariably implies the presence, not of 
pure aquo-chromium(III) complexes, but of complexes involving the participation 
of other ligands—possibly with H ,0 as well. 

Except for their color, the ordinary hydrated chromium(III) salts closely 
resemble the salts of aluminum. 


Thus chromium forms double sulfates with the character of alums. Like the aluminum 
salts, the chromium(III) salts are appreciably hydrolyzed in aqueous solution—to an even 
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greater extent indeed, than the former. (On the course of the h\ drolysis see p >{4. I he 
analog>- extends also to other chromium(lll) and aluminum compounds. H,us chionii- 
um{III) oxjde IS isomorphous with corundum, and forms double compounds belonging 
to the spinel group with the oxides of bivalent elements. The similarity beiu.en the 
chromium(III) compounds and the aluminum compounds, which also shows itself in tin 
associated occurrence of the two elements in Nature, has its origin in the clos, similarity 
between the aluminum ion and the trivalent chromium ion. both in valence, and in appan nt 
ionic radius (rc,»* 0.65 r.-M'* 0.57 


The tendency of trivalent clironhiiin to form complex compuuuJs is very riuicli 
greater than that of aluminum. I'he coordination number of chromium is ft in 

these compounds, almost without exception. The complex compounds arc various¬ 
ly, and often brightly, colored. 

Those simple compounds of chromium wliich are insoluble m water are also for 
the most part deeply colored. Thus chiomium(III) oxide, Cr.,03, is intense green: 
the sulfide Cr.Sj is black; the anhydrous trichloride, Crdj, which is likewise 
insoluble in water, is red violet, etc. 


Chromium(III) oxide, Cr-^Oa, is amphoteric, and its salts with acids have a 
strong tendency to hydrolytic decomposition; the salts which it forms with strong 
alkalis, the hydroxochromiU'S, are less stable than the corresponding salts of aluminum. 
Chromium{\T) oxide CrOj is a definite acid anhydride. The acid derived from it. 
chromic acid, H2Cr04, (known only in solution) tends to undergo condensation l)\ 
elimination of water, forming dichromic acid, HjCrjO,, trichromic acid. HjCraOn,. 
and tetrachromic acid, HaCriOu. The salts corresponding to these acids, and especi¬ 
ally the {mono)chromates M4Cr04 and the dichromaU-s\V2[CT..Oj\, arc quite stable 
in the absence of reducing agents at ordinary temperature, and some are stable 
when not too strongly heated. Towards substances that can readily furnish elec¬ 
trons or accept oxygen, however, they act as energetic oxidizing agents, especially 
in acid solutions, being themselves converted into chromium(III) compounds 
{cf. the potential of the HCr04 ion shown in \'’ol. I, p. 765). Among the salts of 
the chromic acids, potassium dichromate is notable for its excellent power of 
crystallization. 


‘Intermediate oxides’ of chromium are said to exist, e.g., an oxide with the composition 
CrjO,. This is generally regarded as a double compound of chromium(III) and chro- 
mium(VI) oxide, or as chromium(III) chromate: 

CrjO, = 2Cr203 • CrOj. 


Its existence is, however, doubtful. It could not be detected by King (>939), at least, in the 
thermal degradation of CrOj; he found, rather, that two non-Daltonide compounds appeared 
as intermediate steps, of which one had 2.6-2.2 and the other 1.9-1.7 atoms of O per atom 
of Cr. 

Compounds of pentavalent chromium include the pentoxide CrjOj (cf. p. 153), the vivid 
red volatile pentafluoride, CrFj (von Wartenberg, 1941), the dioxyfluoride CrOjF (Olsson, 
> 924 )> and the oxofluorochromate(V) salts, KCrOF4, and AgCrOF4, obtained by Sharpe 
and Woolf (1951). Weinland (1905) had earlier obtained oxochlorochromate(V) salts, 
M'j[CrOCl5], by the action of very concentrated hydrochloric acid on chromium trioxide 
at a low temperature, and addition of alkali chlorides. The cesium salt of this series forms 
mixed crystals with cesium oxochloroniobate, CsjfNbOClj]. Oxochlorochromate(V) salts 
of the type M'fCrOCli] (with M' = pyridinium or quinolinium) had been prepared by 
Meyer (1899). The ‘red pcroxychromates’ are also compounds of pentavalent chromium. 
According to Klemm (1936), the chromphenyl compounds, obtained by Hein {1919 and 
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later) by means of Grignard compounds—c.g., (Cr(C,Hj)jH]X, ^ 

acid radical), should also be regarded as chromium(V) compounds. Scholder (1953) 
obtained chromate(V) salts by the thermal decomposition 
presence of basic oxides—e.g., LijCrO,, Sr3(CrO,)* and 

chromatc(V) salts of the same type as hydroxylapatite (c.g., Si^((^4)3(OH)). Fankuchen 
and Ward (1952) prepared compounds of the composiuon M’CrjOg by heaUng CrO, with 
alkali dichromates at 350'’ under a high pressure of oxygen, and there is some evidence that 

these should be regarded as alkali metal trichromate(V) salts. 

From quadrivalent chromium, the fluoride CrF4 and the chlonde CrCU arc known, ^ well 
as the ‘free radical’ Cr(C,H5)4 prepared by Hein. CrCl* is, however, capable of existence 
only in the gaseous state, and in presence of an excess of chlorine. Chromium is apparenUy 
also present in the + 4 valence state in the oxide CrO„ as is shown by the ma^etic suscepU- 
bility of the compound (Bhatnagar 1939). Derivatives of this oxide include me alkaline 
earth chromatc(IV) salts (c.g., Ba,Cr04), which have recently been prepared by Scholder 
(ig--,3) by a variety of methods. Klemm isolated the compound K,[CrF4] by the acUon of 
fltiorinc on a mixture of CrCl, and KCl. This also is undoubtedly derived from chromi- 

um(IV'), since it has the same X-ray diffraction pattern as K|[MnFa]. 

Univalent chromium is present in the compound [Cr dipys]C104 (dipy = d^^idyl), 
prepared by Hein (1952). This was obtained by the reduction of [Cr dipy3](Cl04)j in 
aqueous solution, as a blue-black powder which is rapidly reoxidized in air. The compound 
was insoluble in water, but dissolved easily in a number of organic solvents—methanol, 
ethyl alcohol, acetone, dioxanc and pyridine. The presence of chromium(l) in the com¬ 
pound was proved by its composition and its magnetic moment. The magnitude of the magne¬ 
tic moment (2 Bohr magnetons) proves that the compound is a ‘penetration complex’, as 
also is [Cr dipy3j(C104)j (observ^ moment 2.9, calculated 2.8 Bohr magnetons). 


OrganometalUc compounds of chromium are also known. These are of the types 
R3CrX, R4CrX, and R^GrX (R= phenyl, C.B^—, X = OH, halogen or i 
equivalent of acid radical). Hein found that these were quite readily prepared by 
the reaction between CrCl, and phenylmagnesium bromide. The tri-, tetra- and 
pentaphcnylchromium hydroxides are strongly basic in character. The salts 
derived from them, and the tetrahydrate of pentaphenylchromium hydroxide 
itself—(C4Hs)sGrOH ■ 4H30—can be obtained as well crystallized substances. 

Ghromium(IIl) salts can readily be oxidized to chromates in alkaline solution 
for example by chlorine, bromine, hypochlorite, hydrogen peroxide, and also by 
lead dioxide or freshly precipitated manganese dioxide hydrate. The oxidation 
can also be effected in acid solution either electrolytically or by a mixture of 
nitric acid and potassium chlorate, or by potassium peroxysulfate in the presence 
of a silver salt as catalyst. 

Chromates are reduced in acid solution to chromium{III) salts by reducing 
agents such as suLfurous acid, hydrogen sulfide, hydriodic acid, oxalic acid, or 
alcohol; also by hydrogen bromide or concentrated hydrochloric acid when warm. 

Hydrogen peroxide also brings about reduction in acid solution, by way of 
chromium peroxide as intermediate product (cf. p. 158). 


(b) Cbroiiiium(n) Compounds 

When dissolved in acids, chromium passes at first predominantly into the 
bivalent state; Gr aH^ = Cr++ + Hj. Since, however, chromium(II) ions are 
very easily transformed into the +3 state salts of trivalent chromium are obtained 
when chromium dissolves in acids with access of air. 

Even in the absence of atmospheric oxygen, a portion of the chromium(II) ions takes up 
a further positive charge from the hydrogen ions, an equilibrium being thereby set up: 

Cr++ -H H+ Cr+++ -|- ^H, 


(0 
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The position of equilibrium depends upon the nature of the anions present in solution, 
as well as on the hydrogen ion concentration and the temperature. In general it lies 
strongly over towards the right hand side. Pure chromium(II) compounds can therefore 
not be obtained directly by the dissolution of chromium in acids. 


It is possible to get pure chromiumfll) salts by the rcductiou of chmmiuni(HIj 
salts* with zinc in acid solution, pres ided that care is taken to secure a vTuitous 


evolution of hydrogen. The interaction of chromium{II) ions with H’ ions 
proceeds only slowly, especially in the absence of catalysts. Chroniiurn(II) 
solutions can also be obtained by the clcctrolvtic reduction of chromiuin. HI) 
salts in aqueous solution at a load cathode. 

Anhydrous chromium{II) salts are most conveniently made by direct union of 
the components. The chloride and the bromide arc readily prepared by the action 
of gaseous h> drogcn chloride or hydrogen bromide on the heated metals. 

Solutions of chromium{II) salts are sky-blue in color. The hydrated salts of 
strong acids are also mostly blue, whereas the anhydrous salts, and salts of the 
weak acids are variously colored. 

In their reactions, chromium(II) salts show great similarity to the iron(II) salts, 
and yield precipitates with the same reagents. As with the iron(II) salts, their 
precipitation by ammonium hydroxide is prevented by ammonium salts. 

Like iron{II) salt solutions, solutions of chromium(Il) salts absorb nitric oxide; 
however, they do not simply form addition compounds with this oxide, but reduce 
it in acid solutions to hydroxylamine, and in alkaline solutions to ammonia. 
Chromium(II) solutions arc very much stronger reducing agents, than iron(n) 
salt solutions, as is shown by the magnitude of the redox potentials. 


The oxidation potential gives a measure of the tendency of chromium(II) ions to pass 
over into chromium(III) ions: for the couple Cr-"VCr^+^ this is about -f 0.41 volt. In 
contrast with this, a platinum electrode dipping in a Fc**/Fe*** solution has a potential 
in the opposite sense relative to the normal hydrogen electrode; for the couple Fe++/Fe+++ 
E° = —0.77 volts (cf. Vol. I, p. 765). 

Bivalent chromium, in contrast with bivalent iron, is also able to form complex carbonate 
salts. One of the most stable chromium(II) salts is the oxalate, CrCjO, • gHjO, obtained 
as a yellow crystalline powder by boiling chromium(II) acetate with a solution of oxalii 
acid. A whole series of other chromium(II) salts of other organic acids is known. Among 
these, the red chromwm{II) acetate is of importance for preparative purposes. 

(1) Chromium{fl) oxide, CrO, is formed from a solution of chromium in mercury by 
spontaneous oxidation in air. If it is heated with access of air, it is converted, with in¬ 
candescence, into Cr203. Unlike chromium(III) oxide it can be reduced to the metal by 
healing it strongly in a current of hydrogen. 

(it) Chromium{lI) sulfide, CrS, obtainable directly from the components, is variable in 
composition within the limits 50 to 54 atom-% S. It has a structure like that of NiAs; 
nevertheless, in chromium(II) sulfide, at the composition corresponding to CrS, not all the 
lattice points are occupied by atoms. When all the positions in the sulfur lattice arc occupied 
(at a content of 54 atom-% S) the compound becomes ferromagnetic (Haraldsen 1937). 
CrSe and CrTe also crystallize with the NiAs structure. 

(Hi) Chromium{lI) chloride, CrClj or CrjCh, is best prepared by passing hydrogen chloride 
gas over chromium metal at a bright red heat (i), or by passing hydrogen over anhydrous 
chromium trichloride healed to red heat (2): 


Cr -f- 2HCI — CrCl} "F Hj 
CrCIa 4 - iHj = CrCl, -|- HCl 


(1) 

(2) 


* The violet chromiuni(III) salts are more easily reducible to chromium(II) salts than 
are the green. 
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l( lornis while lustrous silky needles, of density 2.88. It exists as double molecules, CrjCl^, to a 
c()nsi(l< rable extent in the vapor state, even above 1500®. It is fairly stable in dry air; in the 
presence of moisture, however, it absorbs oxygen avidly, forming CrjCl^O. Chromium{II) 
chloride is very hygroscopic. It dissolves in water with the evolution of considerable heat 
f 18.0 kcal per g-rnol. 3 . From the cornflower blue solution, (which is most simply obtained 
l)> adding zinc to a strongly acid chromium(in) chloride solution) crystallized hydrates 
inav be isolated; the most hea\ily hydrated of these has the composition GrClj • SHjO. 
It crystallizes at o . and has a blue color. A blue tetrahydrate cr>'stalli2es at room temper- 
.tture. and at about 50 a dark green hydrate isomeric with the latter. By dehydrating the 
dark blue tetrahydrate, a bright blue Irihydrate and a bright green dihydrate can be 
obtained. I'he latter then j)asscs over into the colorless anhydrous salt above 113°. 

According to .Schlesinger (1933) and Ephraim (1934), chromium(II) chloride combines 
with ammonia to form the addition compounds CrClj • 6NH3 (dark blue), CrClj • 5NH3 
t\ iolet), CrCIj • 3.\H3 (bright blue), CrCI^ • 2NH3 (bright green), and CrClj • NHj (bright 
green). The remo\al of the la.st molecule of ammonia takes place at about 400®. The 
hydrazine addition compound of chromium(II) chloride, CrCl^ • 2N2H4 which is precipi¬ 
tated from a rhromiurn(II) chloride solution (or from a solution of chromium(II) acetate 

) on the addition of aqueous hydrazine hydrate, is noteworthy 
for its stability (Traube 1913). 

The green Jluorule, CrFj. (rn.p. i too’) and the white bromide CrBr* (density, 4.36) can be 
prepared by methods similar to those used for chromium(II) chloride. The red-brown 
KHlide (density 5.02) can be obtained, according to Hein (1931/43) direct union of Cr 
with I3 at about 800". Except for the fluoride, these halides are also readily soluble in water. 

(ir) Chromium(Il) sulfate and Double Sulfates. The blue chromium(II) sulfate heptahydrate, 
CrSO, 7 HjO. which is isomorphous with iron vitriol, crystallizes on evaporation of 
sohttions ol chromium in dilute sulfuric acid, prepared with exclusion of air, or from a.- 
< hromiurn{IlI) sulfate solution reduced with zinc. The colorless monohydrate,CrSO^ • HjO, 
crystallizes at the cathode on the electrolytic reduction of concentrated sulfuric acid so- 
hiiioris of chromium(II[). 

t;hromium(II) sulfate (like iron(II) sulfate) forms double salts of the type M'XrfSO.), • 
bHjO with the alkali sulfatc-s. 

,\ solution of chromium(II) sulfate in dilute sulfuric acid is an extremely efficient 
absorbent for oxygen, according to Stone (1936). 

(t-) ChTomiumill) acetate, Cr(C2H302)2, is best prepared by allowing a solution of, 
chromium(II) chloride to run into a fairly concentrated solution of sodium acetate, 
saturated with carbon dioxide. It is thereby thrown down as a red precipitate, sparingly 
soluble in cold water, but readily soluble in dilute strong acids. Because of the case with 
which it is prepared, it is a suitable starting material for the preparation of other 
(hormium(II) salts. 

(ei) Chromiurn{lI) Complex Compounds. The chromium(II) ion may be stabilized by combi¬ 
nation with neutral ligands. Thus the compounds [Cr(NjH4)n]I, and [Cr dipy3](C104)„ 
|)repared by Hein (1943-52) are quite stable in air when they are dry, unlike the un- 
complexed chromium(n) salts. The black-violet perchlorate, [Cr dipy3](C104)„ is not 
hygroscopic. Its wine-red solution readily absorbs oxygen from the air, Cr« being converted 
to Cr'", as is general for chromium(II) salts in aqueous solution. Conversely, the perchlorate 
can also be quite easily reduced in solution, with the formation of the corresponding 
chromium(I) salt. The color thereby changes to a deep blue. [Cr dipy,]^ ions can also be 
formed from [Cr dipyj]'*’'*’ ions by disproportionation: 

2[Cr dipyaJ-'--^ = [Cr dipy,]+ + [Cr dipy3]+++ 

At high OH- ion concentrations, this reaction goes to completion. The [Cr dipyaj^^-'' ions 

formed in the reaction are immediately converted into the red [Cr(OH) (H.O) diov 1 ++ 
ions (cf. p. 147). / \ / K 78 J 

(c) Ghromiain(lII) Compounds 

(i) Chromium{IU) oxide (chromium sesquioxide), CrjO,, in its usual form is a 
green powder, insoluble in water. In the crystallized state, such as is obtained by 
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preparation at high temperatures, it is black and iridiscent, with a metallic luster; 
this oxide also forms a green powder when it is ground up, lH)wever. I'lie crystal¬ 
lized chromium(III) oxide is isoinorphous with corundum (see \'ol. I. p. 331. 
Fig. 72). rto = 5-33 A. a = 55“i7'. 

Chromium(III) oxide may be obtained in many different ways. The prep<i- 
ration generally starts from the chromates or dichromates, which can easily fie 
obtained in the pure state. These are usually reduced by heating them with wood 
charcoal (see p. 126) or sulfur: 


KjCr^O, + .S = Cr,03 ^ K„SO,. 

Reduction can also be ertected by heating with ammonium chloride, since the 
ammonium dichromate which is first formed in this case decomposes, leaving a 
residue of chromium(lll) oxide. 

Chromium(III} oxide finds extensive uses as a pigment for oil and water paitits, 

as well as for the preparation of metallic chromium, as has already been discussed. 

Since paints prepared with it show excellent resistance to heat and weathering, 

window frames, garden chairs, and machine parts, in particular, are frequently 

painted with chrome green. Chrome green is also much used in printing and 

lithography, in the glass* and clay industries, and also for porcelain glazing 
colors. 


Ignited chromium(III) oxide can be dissolved by acids only with difficulty. It can 
readily be brought into solution, however, by warming it with an alkali bromate solution. 
It reacts therew'ith according to the equation: 

SCrjOj + eBrOj- + 2HjO = 5CrjO,= + 4H^ + 3Br2. 

The H+ ions formed accelerate the reaction caUlylically. .AJkali chloraUs dissolve the oxide 
much more slowly (Lyd6n, 1935). 

If chromic oxide is prepared by dehydration of its hydrate, it may be observed that the 
expulsion of the last small portions of water is accompanied by a glowing (23 kcal per g-mol 
of CrjOj are liberated in the process). Bohm was able to show from the X-ray diffraction 
patterns, that this was due to a diminution in surface area, arising from the transformation 
of the amorphous oxide into the crystalline form, exactly as with titanium and zirconium 
dioxides. 


The hydrate of chromium{IIl) oxide, Cr^Oa • xHjO, which although it has a 
variable water content is generally called chromium hydroxide, is thrown down 
by addition of OH" ions to solutions of chromium(III) salts, as a precipitate which 
is light grey blue in the fresh state, and very insoluble in water. It has the typical 
properties of^gel, and can also be readily converted to a colloidal dispersion—e.g., 
by peptization with chromium(III) chloride. 

Like other geb, chromium oxide hydrate b strongly surface-active. When precipitated 
from solutions containing alkalb, it is therefore apt to contain considerable quantities of 
adsorbed alkali. To obtain it in the pure state, it must be precipitated by substances which 
do not make the solution too strongly alkaline, but which repress the hydrogen ion concen¬ 
tration only far enough to dbturb the hydrolysb equilibrium of the chromium salts: 

aCrXj + 3HOH ^ Cr,0, -f 6H+ + 6X-, 

* Glass acquires a beautiful emerald green color from chromium oxide. If the glass 
contains an excess of chromium oxide, thb separates out on cooling in microscopically 
small green crystab. 



,3h SUB GROUP 6 OF THE PERIODIC SYSTEM 5 

C. by ammonium niiritc. zinc carbonate, zinc sulfide, or potassium iodide-iodatc 
nnxturc (cf- \ oi. I, ]>■ 813). Precipitation with ammonia is less to be recommended, since 
"n excess of this reagent can easily give rise to the formation of complex ammines, from 
svhich the hydroxide cannot be precipitated, especially when ammonium salts arc also 

I ike all gels the chromium(III) oxide gels obtained by precipitation have the property 
of ageing - i.e.. of changing into less reactive forms with lowers urfacc 
dispi rsions of chromium oxide age in the same way, especially m the presence of alkali 
hydroxUle. Such dispersions therefore allow the greater part of the chromic ox.de hydrate 
to prec ipitale out again when they arc warmed. .Aged chromic oxide hydrate is dissolved by 
acids, and particularly by alkalis, far less readily than is the fresh precipitate. 

Chromic oxide hydrate dissolves in acids, forming the ordinary chromic salts, 
and in caustic alkali forming the chromites —i.e., salts containing the tripositive 
c hromium in tlic anion. Chromic oxide hydrate is thus amphoteric, like aluminum 

hvclroxidc. 

/ 

[Cr(OH),]>-, (Cr{OH),]*-, and [Cr(OH),]>- arc pr"'"' 
concentrated alkali hydroxide solutions, as has been shown by the investigations of Muller 
(i9’2g). Ericke (itja-p, and Scholdcr (1934). Salts of these can be obtained in crystalline 
form. Whereas the alkaline earth hydroxochromates(III) arc stable towards water, the 
alkali metal compounds arc readily hydrolyzed, with the deposition of chromic oxide 
hycirati. They therefore decompose when the solutions are diluted. As was shown by Herz 
and Fischer, the chromic oxide hydrate is present in dilute alkaline solutions in colloidal 
form; it does not dilfuse through a parchment membrane, and the electrical conductivity of 
sue h a solution does not undergo any marked change if the chromium is precipitated from 
it by heating. 

Barium hexahydroxochromate(IIl). when mixed with barium hydroxide and heated to 
about 8oo°C in a stream of water vapor, is oxidized to barium chromatc(IV), BaaCrO* 
(Scholdcr, 195*2). The presence of te/ra-positivc chromium in BajCrO, was confirmed by 
magnetic measurements (KIcmm). The formation of such an ‘anomalous oxidation state’ 
for chromium is undoubtedly made possible by the very great stability of the crystal lattice 
of the double oxide aBaO • CrO,. Scholdcr has shown that by suitable choice of reaction 
partners, other elements (e.g., Mn, Fc, Co) can also be obtained in double oxides in which 
these elements exhibit ‘anomalous’ oxidation states. The double oxides so obtained display 
considerable stability. 


By fusing chromium(III) oxide with oxides of more strongly basic (mostly 
bivalent) metals, a number of well crystallized double compounds have been 
obtained, mostly of the composition M “0 * CrjO,. These were formerly regarded 
as chromites, and expressed by the general formula M”[CrOj]|. Crystalio- 
graphically.they belong to the class oi spinels. Since they are identical with spinel, 
MgO • AljOa, in their detailed crystal structure, they should not be referred to as 
‘chromites’—i.e., salts of +3 chromium containing the chromium in a negative 
radical—any more than ordinary spinel should be called an aluminate (cf. Vol. I, 
p. 355) . The most important of the spinel-type double compounds of chromium (III) 
oxide is chromite’^, or chrome iron ore, FeO * CrjOj, which occurs native in large 
quantities. 

(»») Guignet's Green. When alkali dichromates are fused with boric acid, and the melt is 
cached with hot water, a chromic oxide hydrate of a particularly beautiful green color is 
ibtained, which is named Guignet’s green (also emerald green) after Guignet, who first 
described the preparation. It can also be obtained by heating the ordinary pale grey blue 

* The ipineralogical name chromite has nothing to do with the concept of a ‘chromite’ in 
the chemical sense. 
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chromic hydrate in an autoclave to 250 , in the presence of substances wliu h promote 
agglomeration. It difTers from the ordinary chromic oxide hydrate in that it is composed 
of coarser particles (Wohler), but like the latter, it is amorphous. Guignet’s green is ust'd 
like chrome green, as an artist s color. 1 o increase its otherwise rather small co\ ering power, 
it is generally admixed with barium sulfate. ,\ mixture of Guignet’s green, barium sulfate, 
and zinc yellow (cf. p. 130) is used, as \ ictoria green in wall paper [printing, in place of 
Schweinfurt green. Permanent green, Nurenberg green, and Mittler’s green are similar 
mixtures. 


(Hi) Chromium{III) Sulfides and Thiochromites. ChTomium(UI) sulfide^ Cr.Sj. cannot be 
prepared from aqueous solution, but is formed by dry methods—e.g., by passing hydrogen 
sulfide over chromium trichloride at a red heat: 


aCrClj + 3H2S = CrjS, f 6 HC 1 , 

or directly from its components. It forms black, hexagonal leaflets, which are very stable 
towards most acids but easily decomposed by agents such as nitric acid or fused potassium 
nitrate. 

Direct union of the components gives rise to a phase of variable composition (55-60 
atom-% of S) and monoclinic structure, which passes continuously into the hexagonal 
structure with increasing S*contcnt (Haraldsen, 1937). 

W'ell defined crystalline compounds of chromium(in) sulfide with the alkali sulfides are 
known— alkali thiochromites. For example, when sodium chromate is melted with sodium 
carbonate and sulfur, with the exclusion of air, sodium ihiochromite Na(CrS2] remains as 
red hexagonal plates when the cooled melt is extracted with water. Potassium thioietra* 
chromite, K2(Cr4S7], can be prepared in an analogous way. The compounds have been 
chiefly studied by Schneider (1897). Schneider was able to prepare the thiochromites of 
the heavy metals also, by boiling the alkali thiochromites with heav'y metal salt solutions. 
The heavy metal compounds form black or black-grey powdered substances, which are 
insoluble in water and in hydrochloric acid, but which are decomposed by nitric acid or 
aqua regia, and are pyrophoric in air. 

(iV) Chromiuni[III) chloride and Chlorochromium(IJl) Complexes. Chromic chloride 
(chromium trichloride), CrClj, may be prepared anhydrous by passing dry 
chlorine over chromium metal, heated to redness (i), or over a mixture of chromi- 
um(III) oxide and carbon at a red heat (2). It can also be obtained by heating 
chromium(III) oxide with carbon tetrachloride (3) or with sulphur monochloride: 

Cr + = CrClj + 133 kcal. (i) 

Cr203 + 3C + 3C1( = aCrCla -1- 3CO (2) 

CrjO, -h 3CCU = 2CrCl, + 3COCIJ (3) 

• 

Anhydrous chromium(III) chloride exists as red violet (peach blossom colored) 
lustrous leaflets. It can be sublimed in chlorine at red heat, but if heated in the 
absence of free chlorine, it undergoes partial decomposition into chromium(n) 
chloride and chlorine: 

CrCIj CrCU + JClj. 

When ignited in air, chromium(III) chloride furnishes a fine green chromic 
oxide: 

aCrCIj + ^02 = CcjOj + sf'U- 

Chlorine can also be readily exchanged by sulfur, nitrogen, or phosphorus, by 
reaction with the corresponding hydrogen compounds. 


aCrCl, -F sHjS = Ct^S, + 6 HC 1 
CrClj + NH3 = CrN + 3HCI 
CrCla + PHj = CrP + 3HCI 
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Anhydrous chroiiiiuni{III) chloride is insoluble in cold water and alcohol, and 
dissolves only extraordinarily slowly even when boiled. However, if a minute trace 
of cliromium{II) chloride is added, rapid dissolution occurs, with considerable 
evolution of heat (21.3 kcal per mol of CrCU). The addition of substances which 
can bring about the transient reduction of a portion of the chromium(III) chloride 
to the chromium(ll) compound has a similar affect. The dark grern solution of 
chroinium(III) chloride so obtained is identical in its reactions with the solution 
formed from a chromium(II) chloride solution, containing excess hydrochloric 
acid, by oxidation in air, and also with the solution obtained by dissolving 
cliromiimi metal in acid, with access of air. It has a sweetish taste. When an 
aqueous solution is cooled, after evaporating it down, emerald green deliquescent 
crystals arc deposited, which generally contain 6 molecules of water for each 
molecule of CrClj*. In a fresh solution of this salt, only one third of the chlorine 
present can be immediately precipitated as silver chloride: the remaining two 
thirds must be bound in a complex. In addition, 4 molecules of water must be 
bound in the complex, since the salt retains these when it is dried in a desiccator 
over sulfuric acid. The dark green chromium chloride hexahydrate is accordingly 
to be ascrilied the formula [CrCla(H20)4]Cl • 2HjO— dichlorotetraquochromium{IIl) 
chloride dihydraU**. In this compound chromium has the coordination number 6", 
which is indeed the case in the very great majority of the complex compounds of 
-1-3 chromium. 

I vvo other chromic chloride hexahydrates are also known. In the one, only one Cl is 
bound in the complex; both other chlorine atoms arc dissociable. This is the bright green 
hexahydrate discovered by Bjerrum in 1906. This salt, which can be isolated from the 
solution only by adhering to certain specified conditions, is represented by the formula 
[CrCl(H30)j)Cl2 • HjO {chloTopentaquochromiumilll) chloride hydrate). Two thirds of the 
chlorine are at once precipitated from its solution by silver nitrate. 

fhere is, moreover, a grey-blue chromic chloride hexahydrate, which has long 
been known. All the chlorine can be immediately precipitated from the blue-violet 
solution of this salt, which is accordingly to be formulated as [Cr(OH2)*]Cl8 
(hcxaquochromium(III) chloride). It can be prepared from the dark green com¬ 
pound. The dilute solution of the salt is boiled for a long time, and crystallization 
of the compound is brought about at temperatures below o®, by saturating the 
solution with hydrogen chloride. It also separates from solutions of other chromi- 
um(IIl) salts which contain violet chromium(III) ions—i.e., the ions 
[Cr(H,0)8]+++, as for example, from a solution of chromic nitrate or chrome 
alum—if the solutions are saturated with hydrogen chloride at low temperature. 
Of the three chromic chloride hexahydrates, this is thus the one most readily 
obtained in crystalline form. The grey-blue hexahydrate contains all 6 water 
molecules bound in the complex: this salt loses no water on standing over sulfuric 
acid. 

The three compounds just discussed, which have identical analytical compositions, but 
reveal different constitutions, provide an example of a type of isomerism which is fairly 

• CrClj • loHjO crystallizes if the solution is allowed to evaporate below 6'’ C. 

•* The groups bound within the complex in such compounds arc always named in the 
following sequence: first come the names of the acid radicals; following these the names of 
the groups resembling ammonia in function (e.g., HjO); and immediately before the name 
of the metal atom, the ammonia molecules. 
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often met will, in thC.dd of.lu-,oni|,I,x . „n,pounds.\Vhcn the d,lkr,,K,s ,v„„.ri, 

coord,nation impounds can he attrihuted to the diff, rent modes ol b.ndint; of,I,., water 
molecules, as ,n the lore.tioms exampl,-, ,|,es are said to display hy,h„u 

Equilibria are established in solution bettseen the tliree isomeric . hroniic ihlorid, hy¬ 
dra,es. or hettseen ,heir ions,. ,he ,.osi,i„n ol eqiiilihriu,.. beiny. dependeii, upon the 
temperature and on the concentration and ,.imposition of the solutions. the boilint: 
point, atutinment o .-quilibnum is r. ached in a few mini,,, s. wlu reas a, ordinals t. inp, , - 
attire months may be requtr.d under some eir, umstan, , s. In th,- cold, an.l in <hl„l, so¬ 
lutions, the gr. y-blue compound .colored hlu.-eiolet in solution predoniinales hndily 
concentrated solutions the green chlori.le, an- pr, dominant in th.- equilibrium state I h. 
equilibrium also sinits m fasor of th,- l.„„-r on wartning. In dilute solutions, the bhi, -s iole, 
lorni IS siiM predominant even in warm solutions. 

I iie majority ol ilic violet chromiuni III < compoumls t an be prepared Irom the 
^rev-blue (liluc-violet in .solution) cliromie chloride ICluHoOjJCilj. \)\ ex¬ 
changing the chlorine atoms uitli oilier acid radicals. 

In Bjerrum'b bright gie,n diromic .hloride [CrCrhH.O.JCI., Il.O also, the ioni<allv 
bound chlorine may be replaced bv other acid radicals wiiliuut'significant . hang<- in the 
nature ol the salts Thus, the (ompound |C;rChH,(),,]|I»iC;i,] • is obtained bv 

exchanging the chlorine with the radical of <hloroplati.iic acid. I-xamples of the salts 
derived from the dark green chromic chloride. (C:rC;i..H,Oi,]C;i ■ ^H.O. by cxelumge of 
the lonicallv bound chlorine by other arid groups are (CrCl.iH.O.JBr (gr.vn crsMals 

very hygroscopic' and (CrCb'HuOiJl.SbClJ GH.O igrcen crystals, 

*1 he complex ions ICrCKHnOtJ-'- and (C;rC:i,(H,())J •. giving rise to the two gn-. n 
chromic chlorides and the ir deriyaiues. are the mselves derived from the hexaquoc hroini- 
um(III) complex [Cr(H.OV.)^'. in that i or -2 molcrules of HuO respeetiveh are exchanged 
for Cl- ions. It may be asked whether this exchange may not be extended in such a way 
that 3 or more Cl enter the complex in the place of H, 0 . So aquo chromiuin(III 1 com 
pound with 3 non-ionized chlorine atoms bound to chromium is known, but the eorre 

Cl HOCuHs 

spending constitution Cl Cr HOC..H5 can apparently be a.ssigned to the re 

Cl HOC-tHs 

chromium(lll) chloride alcoholatc, which Koppel prepared by dissolving metallic chromium 
in alcoholic hydrochloric acid. 

Numerous compounds are known, based upon a complex with five non-ionlzablc chlorine 
atoms bound to the chromium. Since, in this case, the sum of the negative charges on the 
chlorine (five) exceeds the positive charge on the chromium (three), the complex has the 
character of an anion. It is present, according to Werner, in the red double chlorides ol 
chromium of the general composition CrClj • gM'Cl • H^O, which crystallize from sol¬ 
utions of the constituents when they arc evaporated, while passing in hydrogen chloride. 
The formulation of these compounds as pcnlachloroaquochromatcs(III), [CrCl5(H,0)] M'j, 
(M> = Li, Na, K, Rb, Cs, NH^, Tl. |Ba, iMg) is based on the observation that the v’ery 
soluble lithium salt Ll2[CrClsH20) docs not give an immediate precipitate with silver 
nitrate. It must be concluded from this that all the chlorine is bound in the complex, and since 
chromium generally has the coordination number 6, it may be assumed that one molecule 
of water is also contained in the complex. 

In aqueous solution, the red double chlorides rapidly change into green double chlorides, 
which can likewise be obtained crystalline. On addition of silver nitrate to nitric acid 
solutions of these green double chlorides, three fifths if the chlorine they contain is at once 
precipitated. It may be concluded from this that three chlorine atoms in these salts arc 
combined in ionizablc form. Werner gave them the following constitutional formula, in 
which, besides four molecules of water, two equivalents of alkali chloride are also coordi- 
naiively bound to the central chromium atom: 

[Cr(H20),(CJM')2]Cl3 (M; = Li, Rb, Cs, NH,). 

Werner called such materials salt-substitution-compounds. 

These green double chlorides would thus be derived from the type of the grey-blue 
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chromic chloride, by exchanging two water molecules for 2 molecules 
This view can probably not be reconciled with our present knowledge, and the ution 

of the compounds is not certain. They might be double compounds-c.g.,[Cr(H,U)4CI,Jt.l 
aM'Cl A double salt can be derived in a corresponding manner from Bjerrum s bright 
green chloride; it was prepared by Pfeiffer in the form of yellow brown needles by mixing 
chromic chloride and pyridinium chloride solutions. 

rCr(H, 0 ),Cl(ClPyH),]CU (PyH = pyridinium, C5H5NH). 


As the formula requires, only two fifths of the chlorine can be precipitated immediately 

from solutions of the salt. .... . • /ttt\ ui 'j 

The variously colored complex compounds derived from chromium{III) chloride 

exemplify very clearly the intimate relation between the color of complex compounds and 
their constitution. 


{v) Other C:krominm{III) Halides. Fluorides and bromides of positive chromium 
jJrobably exist in the same, or similar, forms as the chloride, but have not been so 
thorouglily investigated. Chromium does not appear to form complex iodtdeSy 
htjwevcr. It has also not yet been possible to prepare pure anhydrous chromic 
iodide, though a hydrate CrIs • 9H1O is known. This forms violet-black crystals, 
which furnish a green powder when ground up. It contains all the iodine in 
ionizablc form, as has been concluded from measurements of the freezing point of 


its solutions. 

(i-i) Chroinium{II/) cyanide and Cyanochromates^III). If a chromium{III) salt solution is 
treated with potassium cyanide, a precipitate of chromium(III) cyanide, Cr(CN)3, is 
obtained; this is soluble in an excess of the precipitant, and in acids. HexacyanochroTnates{III), 
M'3[Cr(CN)<,], may be obtained from solutions containing alkali cyanide in excess. The 
bright yellow potassium salt K3[Cr(CN)4] is isomorphous with the red potassium ferri- 
cyanide [Potassium hexacyanoferrate(III)], K3[Fc(CN)4). 

(t-ii) Chromiumilll) thiocyanate and Thiocyanatochronu2Us{I/l). Chromic oxide hydrate 
dissolves in thiocyanic acid, forming chromium thiocyanate which can, however, be ob¬ 
tained crystalline only with great difficulty. The compound is a non-electrolyte. If the 
solution is treated with alkali thiocyanates, hexathiocyannlochromaUs{lII)y M>3[Cr(CNS)*], 
crystallize out on evaporation. These are strongly complexed, dark red salts; their fresh 
wine-red solutions give the characteristic reactions neither for the chromic ion nor for the 
thiocyanate ion; they do, however, display the conductivity, and the variation of conduc¬ 
tivity upon dilution, which arc characteristic of solutions of uni-trivalent salts. The solutions 
turn green on long standing, as a result of decomposition. 

(t/iu) ChTomium[III) oxalate and Oxalaiochromates{III). Solutions of chromium(ni) salts, 
treated with alkali oxalates yield the violet chromium(lll) oxalate, Cr,(€304)3, insoluble 
in water and crystallizing in heavily hydrated form. The compound is unstable, however, 
and readily changes, with the expulsion of water, into a dark green, water-soluble amor¬ 
phous product. Alkali lrioxatalochTomates{IIl), M»3[Cr(C804)3], separate in deep blue 
crystals* from solutions containing an excess of alkali oxalate. The corresponding alkaline 
earth and heavy metal oxalatochromates can be prepared from these by double decom¬ 
position. 

It can be shown that solutions of the trioxalatochromates contain the strongly complexed 
ion [Cr(C204)3]®“. On the basis of the coordinative hcxavalcncc of chromium, it may be 
suspected a priori that in these complex ions each of the three radicab occupies two coordi¬ 
nation positions. If this is the case, the occurrence of mirror image isomerism is to be expected 
with the trioxalatochromates, since the oxalic acid radicab could be arranged about the 
chromium In cither of the two ways represented schematically by Fig. 21. The two structural 
forms represented in Fig. 21 arc related as object and mirror image. In fact, Werner in 1912 
was able to bring proof that the trioxalatochromates could be resolved into optically active 


* The alkali trioxalatochromates(III) are almost all plcochroic. According to the 
direction from which they are viewed, the crystals appear either deep cornflower blue, or 
blue-green or red. 
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components, thereby confirming the structure deduced from the principles of coordination 
chemistr>% 

By exchanging oxalic acid radicals for H, 0 , for OH, or for other acid groups, several 



Fig. 21. Mirror image isomerism of trioxalatochromate(III) compounds, 
other scries of oxalatochromatcs(III) can be derived from the trioxalatochromates —e g 

the dlOxalatodiaquochromatcs(III).[Cr(C,0,)^(H^O)3]M■;thedioxalatod^hydroxochrom- 

^^u^ u’ •hedioxalatohydroxoaquochromates(lll) [Cr(C.,(),)., 

(OH)(H.20)]M'2. The series of compounds named here all display the phenomenon of 
ds-lrans isomerism discussed further below. 

(ix) Chromwm{III) acetate and Acetatolrichromium{IJI) Salts. Neutral chromium(III) 
acetate, [CrlH^O),] (C2H302)3. can be obtained by dissolving freshly precipitated chromium 
oxide hydrate in glacial acetic acid. The salt cry-stallizes, with an additional 6 molecules of 
water of cry stallization, in blue-violet needles. If chromium(IIl) salt solutions are treated 
with sodium acetate, complex compounds are formed which are based essentially upon 
acctatotrichromium(III) cations. Other methods are better suited for the preparation of 
the compounds in the pure state. Werner, and also Weinland, have prepared trichromi 
acetate salts of the following types in the pure state (Ac = acetic acid radical, CH3 • CO . , 
X = any univalent acid anion): 

[Cr3Ac9(OH) 2] X (hexacetatodihydroxotrichromium{III) salts ) 

[Cr3Ac^(OH) (H20)]X2 [hexacetatohydroxoaquotrichromium^I 11 ) salts) 
[Cr3Ac^(H20)2]X3 (hexacetatodiaquotrichromiumilll) satis. 

Analogous salts can be obtained from other organic acids. It is noteworthy that 3 chromium 
atoms are always contained in these complexes; they are thus polynuclear complex com¬ 
pounds. The —OH groups are not the groups which function as bridges for the linkage of 
the chromium atoms, as is otherwise frequently the case, since the OH groups in these com¬ 
pounds can be transformed by addition of H^ ions into H2O molecules, and these latter never 
function as bridge groups since the maximum coordination number of oxygen is normally 3. 
It is therefore necessary to suppose that the acetato groups constitute the bridge groups. 

From the diffusion coefficients, as determined by his dialysis method. Brintzinger (1936) 
concluded that the hexacetatodihydroxotrichromium(in) ions (and also the corresponding 
complex ions of Fe“> and Co"‘) could add on certain anions in aqueous solution, forming 
‘double shelled’ complex ions, of the type [(Cr3.Ac«(OH)2]X^]’- (X = SO,2-, HPO,^-, 
HAsO,*^). Brintzinger considers that tw'o-shelled complex ions of this type formed by 
adding acid radicals in a second coordination sphere around a coordinatively saturated 
complex cation, are of frequent occurrence in solution. Their existence is, however, open to 
dispute (cf. Spandau 1941). 

Formation of readily soluble acetato-complexes, essentially of the type of those discussed 
above, inhibits the precipitation of chromic oxide hydrate when chromium(III) salt 
solutions are boiled with sodium acetate, although by analogy with aluminum it would be 
expected that precipitation should occur. After cooling, the solutions no longer give 
precipitates with other precipitants for chromium. 

(.x) Chromium{lIl) nitrate, Cr(N03)3, is formed by dissolving chromic oxide 
hydrate in nitric acid. The solution is blue-violet by incident light, red by trans¬ 
mitted light. It turns green when heated, but the color rapidly reverts to violet on 
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cooling. Tlic salt crystallizing from solution has a water content that varies 
according to the conditions of preparation. It finds application as a mordant in 

piece d\eing. 

(.vi) Chrnmium{III) sulfate and Sulfatochromium{lII) Salts. Anhydrous chromi- 
utn(Ill) sulfate, CrdSO^),, forms a peach-blossom colored powder which, (like 
aiiliydrous chromium trichloride), will not dissolve in water and acids unless 
reducing agents are present. A hydrated violet chromium sulfate^ Cr2{SO^)3 ■ iSHjOj 
is also known, and several hydrated chromium sulfates, formed from the violet 
s.dt on warming—e.g., by prolonged boiling. 


I he hydrnted violet chromium sulfate—which may contain a few molecules of water lew 
th.u) is represented by the above formula, depending on the conditions of preparation is 
readily soluble in water. Its solution shows the normal reactions for chromlum(III) ions 
and sulfate ions, and the formula [Cr(H20)a]2(S04)3 • nHjO (n = 2 to 6) can be ascribed 
to it accordingb. The violet solution of this salt turns green on heating. The green 
( hromium( 111) sulfates are not only less highly hydrated and less soluble than the violet, 
l)ut arc also differently constituted. In them, sulfate groups arc bound to the chromium in 
non-ionizable form, as follows from the reactions of their solutions. Hence the green salts 
.»r<‘ to be regarded as sulfatochromium(III) salts. Some of them represent also the products 
of hydrolytic decomposition, in which OH groups arc non-ionizably bound, in addition to 
(H.Oi and (SO,). 1 he transformation of the violet into the green sulfates is therefore 
usually accompanied by a considerable increase in the conductivity of the solutions— 
arising from the liberation of H+^ ions. Erdmann (1952) has concluded from an analysis of 
the results of conductometric titrations that the following equilibria arc set up in solutions 
of < hromium(l 11) .stilfalc: 


{,) 2 (Cr(H, 0 )d--* f (SO,) 

hexaquochromiurn (III) 
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Equilibrium (1) is of much importance only in highly dilute solutions of chromium 
sulfate. In moderately dilute solutions, equilibrium (2) predominates. Both equilibria are 
displaced from left to right with rise of temperature. Reactions i and 2 take place rapidly 
in a Icft-to-right direction, but only very slowly in the converse sense. This shows that the 
energy of activation involved in the degradation of the binucelar complex must be high. 
Equilibrium (3) depends on the concentration. It is established with similar speeds from 
both directions. 

Rccoura prepared a green sulfate which, in solution, gave the reactions neither for 
chromium(in) nor for sulfate, and which must accordingly have contained all the sulfate 
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groups bound non-ionisably to chromium. By evaporation with sulfuric acid, he was able 
from It to obtain sijl/alochromwrn(///) acids, namely disulfatorhromiumf 11F acid 
H[Cr(S04)2]. and trisulfatochromium( 111 ) acid. HaCr(SO,i3]. They are easily soluble m 
w’ater, givtng solutions with a fine green color, riic fresh solutions give precipitates neither 
with sodium phosphate (reagent for chroinium(III, ions, nor with barium chloride 

(reagent for sulfate ions). The same applies to solutions of the salts ol these acids, the 
sulfatochromates. 

The hydrated violet chromic sullates can also form addition compounds with sulfuric 
acid. The resulting acid chromic sulfate. H[Cr(H.O'ie)(SO,), • iH .O* forms vioh t 
cr>'stals. all the SO ^ is immediately precipitated from its solutions by Ba - - ions. 

According to Krauss (1929) the violet 18-hydrate of Cr (III 1 sulfate first changes into the 
9-hydrate when it is heated, without any color change, then into the 3-h>drate, becoming 
green, and finally info the anhydrous salt. The last three molecules of water are evoKccl 
continuously with rise of temperature (in the interval between too and under to mm 
pressure). 


[xii) Chrome Alum. A mixed salt KCr(S04),- laH^O crystallizes from mixed 
solutions of V'iolet ciiromiurn(III) sulfate and potassium sull'ate. It corresponds 
completely in composition and crystal form, to alum, KAl(S04)j ■ J2H;0, and its 
crystals continue to grow in a saturated solution of alum. The mixed salt is there¬ 
fore called chrome alum. 

Chrome alum crystallizes in large dark violet octahedra, of density 1.828. Its 
solubility in water at 25® is about 24.4 g in 100 g of water. The violet solution 
turns green when heated, as a result of the formation of the green sulfato-complex 
compounds discussed in the foregoing section; most of these, in contrast to tlie 
alums, have a very poor ability to crystallize. When the solution is cooled down 
chrome alum begins to crystallize out again only after standing for weeks. 

Chrome alum is formed as an industrial by-product from many processe.s in 
which potassium dichromale is used as an oxidizing agent. It is used chiefly in 
tanning, and also in dyeing and calico printing. 

In addition to ordinary’ chrome alum, (potassium chrome alum, 
KCr(SO<)2 • I2H20) analogous mixed salts of violet chromium sulfate w'ith other 
sulfates of univalent metals and radicals are known. These are chrome alums in a 
wider sense; they correspond exactly to ordinary chrome alum both in their general 
formula M'Cr{SO,)2 - 12H2O (M' = Na, Rb, Cs. Tl', NH., N^H,, NH,OH) 
and in their crystal habit, and are known as sodium chrome alum, ammonium 
chrome alum, etc. according to the univalent metal or radical that they contain. 

According to the results of X-ray structure analysis, both the univalent atom (or radical) 
and the /nvalent atom in the alums are surrounded by GHjO. The chrome alums therefore 
contain exactly the same hexaquochromium(III) ion as is present in the other violet 
chromium(III) salts. The edge length a of the cubic unit cell of potassium chrome alum 
(12.17 A), differs very little from that of potassium aluminum alum; the lattice points of 
the unit cell are occupied alternately by K and by Cr atoms, in the same arrangement as 
in the rock salt structure. Similar edge lengths have been found for the unit cells of other 
alums. The readiness with which the alums form mixed crystals with one another is to be 
explained by the close similarity of their cell dimensions. 

According to Krauss (1929), potassium chrome alum behaves differendy from potassium 
aluminum alum on heating, in that the latter forms only a 3-hydrate as an intermediate 
stage in the dehydration, whereas in the dehydration of potassium chrome alum a 6-hydrate 
and a 2-hydrate appear as intermediate stages. 

* The compound may also ciy'stallize with a higher water content, depending on the 
experimental conditions. 
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(d) Chromium Ammines 

The marked ability of tripositive chromium to form complex compounds is 
particularly clearly shown in the numerous types of addition compounds formed 
witli ammonia. These are called chromium ammines. 

(i) Mononuclear Chromium Ammines. In accordance with its maximum coordi¬ 
nation number 6, the chromium(III) ion can combine coordinatively with 6 am¬ 
monia molecules. The resulting complex ion [Cr(NH,),]+++ {hexamminechromi- 
um{III) ion) possesses the same charge as the chromium which functions as its 
central atom, since the ammonia molecules are uncharged. Although the am¬ 
monia molecules arc only bound coordinatively to the chromium, they are never¬ 
theless very strongly attached. Only a few other elements (in particular cobalt(III) 
and platinum(IV)) are able to bind six neutral molecules to their ions as strongly 
as ammonia is bound to the chromium(III) ion. The particularly strong binding 
in these complexes is due, as has been shown (cf. Vol. I, Chap. 11), to the fact 
that the neutral groups in them are not bound to the central atom by Van der 
VVaals forces, as is ordinarily the case, but are united to it by covalent bonds—i.e., 
they share electrons with the central atom. Complexes of this kind have been 
called ‘penetration complexes’, to distinguish them from ‘normal complexes’. 
Negative ions, which are generally bound by electrovalences, can also be linked 
to the central atom by covalences in exactly the same way as neutral groups. 

The ammonia is so firmly bound that it undergoes no immediate dissociation 
when compounds containing the [Cr(NH,)«]'‘^+ complex are dissolved in water; 
even in the absence of ammonia, the complex goes into solution as a discrete ion*. 
Exchange of ammonia molecules for water molecules takes place only gradually. 
Such an exchange results in the formation of compounds in which r, 2, 3, etc., 
and ultimately all the NH, molecules are replaced by H ,0 molecules. An almost 
unbroken sequence of aquo-derivatives of the hexammine chromic ion exists—cf. 
Table 18. At the end of the series stands the hexaquochromic ion**, 
[Cr{H,0)®]'*^+; mention has already been made of the exceptional stability of 
this, as compared with other hydrated ions. Substitution of H ,0 for NH, involves 
no alteration in the charge of the complex. There also exists a series of complexes 
which can be regarded as derived from the hexammine chromic cation by succes¬ 
sive replacement of NH, groups by negative radicals R (R = acid radical or hy¬ 
droxyl). In this case, the (positive) charge on the complex at first decreases, 
according to the number of acid residues introduced, becomes zero, and then in¬ 
creases again, but with negative sign. If we suppose all six ammonia molecules to 
be replaced by univalent negative acid residues R, we have the negative trivalent 
hexacidochromium(m) complex anion [CrR,]’". 

• If the solutions contain anions which tend to form addition compounds, two-shelled 
complexes of the type [fCr(NH,),]X4]«- (X = SO,*-, HPO,*-, HAsO,*-) may be formed, 
according to Brintzinger (1936). The anions constituting the second shell are, however, 
but loosely attached, and arc probably bound by ordinary electrovalences. On this point 
see also p. 141. 

• • The hexaquochromic compounds cannot, of course, be included among the chromium 
ammines proper. They can, however, quite properly, be regarded as derivatives of the 
hexammines. The same is true of the hcxacido- and the acido-aquo compounds. 
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a further range of complexes can be derived by supposing a portion of the 
atTimonia molecules in the hexamrnine chromic cation to be replaced by HjO, 
and another portion by acid residues R. Table 18 provides a review of the multi¬ 
plicity of amrnino-, atpio- and acido-complexcs obtained in this way. All the com¬ 
plexes indicated in this table arc known in the form of compounds, and many of 
them are represented by very numerous derivatives. Not t^nly may the negative 
radicals R in the formulas of Table 18 stand for various kinds of acid residues, 
or for the hydroxyl group OH , but in many instances other nitrogen com¬ 
pounds —c.g., hydroxylainine, organic amines, pyridine, etc.—can replace am¬ 
monia. Moreover, other oxygen compounds (alcohols, phenols, ethers, etc.) can 
in many cases be coordinatively bound in the place of water, so that a whole series 
(jf sub-types may be derived from most of the types represented in Table 18. 
Each of the complex cations and anions so formed gives rise to a series of individual 
compounds, originating from the utiion of the complex ion with various other ions 
of the opposite charge. 

I he principal types of compound derived from the complexes shown in Table 18 
re(|uire a short discussion. 

(la) . The hexammmechromic{IIl) compounds: compounds of the general formula 
[C’r{Am)«]X3, in which .-\m = NH3. Jen, ipn*. 

Ions bound outside the complex include Cl", Br". I", NOj", S04*-, etc. or the 

radicals of complex acids, such as [PtCb}*', (Fc(CN)4]^, etc. They were discovered by 
Jorgensen about 1880. Because of their yellow, brown-yellow, or orange-yellow color, the 
compounds were formerly called luUo-salls (Latin luUus, orange yellow), as also were the 
analogously constituted ammonia complex salts of cobalt. 

(lb) . Aquopenlamminechromiumilll) compounds, (Cr(NHj)4(HaO)]X3, (formerly called 
roseo-salts. because the analogous cobalt salts arc rose-red in color) generally have a yellow 
to orange-yellow color, and are very similar to the hcxamminc compounds in mode of 
formation, crystal form, solubility, and chemical reactions. They differ from the hexam- 
inines in that they do not gradually undergo decomposition by dilute aqueous ammonia, 
with the deposition of a precipitate, but arc transformed into the readily soluble hydroxo- 
pentamminc salts, (Cr(NH3)40H]X,, (formerly called ‘basic roseo-salts’). 

(l c) . Diaquoletrammimchromium^IIl) compounds,= NHjOrien). 
These compounds resemble the preceding ones in their behavior. They arc orange to ver¬ 
milion in color. The cthyicnediaminc compounds of this type arc known in both the isomeric 
forms expected according to theory (‘cis-trans’ isomerism, see below). 

(l d) . TTiaquotriamminechromiumiHI) compounds, [Cr(NHj),(H,0)j]X3. Few of these are 
known; they closely resemble the compounds richer in ammonia, and are pale red in color. 

(le) . Tetraquodiammi 7 UchTomium{Ill) compounds, [Cr(NH,),(HjO)4jXj are red to violet- 
red in color, and approximate closely to the pure aquo-compounds in their properties. 
They have a strong tendency to undergo hydrolysis, and their hydroxides [Cr(NH,),(H20)4] 
(OH) j are insoluble, in contrast to the readily water-soluble hexamrnine- and aquopentam- 
mine hydroxides. 

(l f) . No pentaquomonammine compounds of chromium are known. The fact that only 
the monammine compound is missing from every scries of Table 18 points to some under¬ 
lying regularity, which shows up in the non-existence of the monammine compounds. 

(l g) . Hexaquochromium{UI) compounds, [Cr(HjO)4]X,. The compounds of this type are 
violet in color, especially in solution. The ordinary hydrated salts of chromium, already 
described, belong in this class—e.g., the ordinary chromic chloride hexahydrate, the nitrate, 
acetate, sulfate, chrome alum, etc. 

♦ en and pn arc abbreviations for ethylenedlamine, NH, • CH, • CH, • NH,, and 
(unsy^metrical) propylene diamine, NH, • CHj • CH(CH,) • NHj. These compounds 
contain two groups which can replace NHj. They can therefore occupy two coordination 
positions. 
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(Ha). Aciclof)enlatnmituchTotmum(IU) (omfiomds. k:rwhere 

I R 

Am = NH3. CHjNH., Jen, etc.: R =. Cl, Br. I, SC:\. NO.i, NO,. OH. 

These compounds arc doscly related genetically to the rosco-(aquopent.ammine 1 com¬ 
pounds. The reaction [Cr(.-\m),(H, 0 ))=«' + R- = (C;r(.\m .,RJ • - - H ,0 is <,Ucn 
reversible. The chlorocompounds of this type are mostly dark red. and were formerl) called 
purpureo compounds. 

■\m^ 


(IIb>. AcidoaquoUlrammuiechtomiumiHl) compounds, CrH..O X,. 

R 

.•\m = NH3. Jen. J dipy (dipy = o, a' dipyridyl); 

Anij 

(lie). AcidodiaquolriammiruchTomiumilll\ compounds. Cr(H., 0 ).> X... 

R 

.\m = NHj: R =, Cl. Br, OH. NO,. 


R = Cl. Br. I. (.)H. 


(IId;. Acidotriaquodiamminechromiumilll) compounds, 

Am = NH 3 . pyridine; R = OH. 

(He). As for (If). 

(Ilf). AcidopentaquochTomium{lII) compounds. 


Am, 

Cr(H,d), X2 
R 


Qj.(H20)5 

R 


X,. 


Bjerrum’s bright green chromium(III) chloride falls into this type (R Cl) 


(Ilia). Diacidotclrammimchromium{III) compounds, 




X. 


The ethylenediaminc compounds are the best known compounds in this scries. 'Fhey arc 
interesting because of the phenomena of isomerism {sUreoisomerism) that they display. 
With an octahedral arragement of groups A and B, bound around the central atom 2 , 



B 



Fig. 22. Cis^trans isomerism in coordination compounds. 


a complex of the general formula [Z.AjB,] can occur in two forms, as shown by Fig. 22. 
These forms differ in that, in the one case, both of the groups B lie on the same side of the 
central atom, in adjacent positions, so that a line joining them forms one edge of the octa¬ 
hedron (e.g., a line joining two adjacent ends of the coordinate axes in Fig. 22). In the other 
case, the two groups are on opposite sides of the central atom, so that they are joined by a 
line passing through the central atom (a diagonal of the octahedron). The first form is said 
to be the cis~ and the second the trans^ isomer, this kind of isomerism is called cis-trans 
isomerism. 
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When a pair of compounds is found experimentally to stand in thw sort of relationship 
it is possible to determine which should be regarded as the or-, and which as the trans- 
tompound, by testing which of them permits of replacement of the two groups B by a 
single ‘bidentate’ group, (that is, a group which can occupy two coordmatmn positions), 
riu- isomer which docs so must be the cis compound*. In the ease of bis-elhylcnediaminc 
compounds there is the additional difference that the cis compound exists as a nature of 
two optically active forms, whereas the trans isomer is not resolvable into optical isomers. 
As may be seen from Fig. 23, two cis forms occur, which arc related to each other as an 



C/5 



Fig. 23. Cis-lr/ins and mirror image isomerism in bis-cthylenediamine compounds. 

object and its mirror image. Pfeiffer, in 1904, succeeded in proving the occurrence of 
isomerism in diacidobis(cthylencdiaminc)compounds. Werner, in 1911, succeeded 
in resolving the fti.dirhlorobis(cthylenediaminc)chromium(III) complex, [Cr cnjClJ+, 
into its two c^jnirally active components, by preparing from it the salts formed with optically 
active u-bromocamphorsulfonic acid. The salt of the /.dichlorobis(cthylcnediamine) 
( omplex ion with the anion of the rf-a-bromocamphorsulfonic acid (l-d salt) differs from 
the tJ-d salt, in being sparingly soluble. In the same way, the d-l salt is sparingly soluble, 
but the /-/ salt is not. A separation of the d and /-cations can readily be brought about in 
this way. By replacing the bromocamphorsulfonic acid radical by other acid radicals X, 
the remaining salts of the cis series, of the type (Cr cnjCljjX, may then be obtained in their 
optically active forms. 

Amj” 

CrH ,0 X. 

R. J 

Am = NH3; R = Cl and Br. 

In this ease, three isomers arc predicted by theory, [cf. Fig. 24]. Ricsenfeld did, indeed, 
obtain the chloride [Cr(NH3)3{H20)Cla]Cl in three different forms—red-violet, grey, and 
dark green. 

r Am, “I 

(IIIc). Diacidodiaquodiamminechromium{III) compounds, Cr(H20)j X. 

_ R2 _; 

Am = NH3, pyr; R = Cl, Br, OH, JCa04. 


(Illb). l)iacidoaguolriammine(hrotnic{/II} compounds. 


Numerous stereoisomers can be foreseen from the theory, but they have not yet been 
prepared. The compounds of this type closely resemble the diacidotetraquochromium{III) 
compounds. 

(Illd). cf. (If). 

(Ille). Diacidotetraquochromium{III) compounds, [Cr (H20)4Rj]X. The best known com¬ 
pound of this type is the dark green chromium(III) chloride {cf. p. 138). 

* As in all instances where structure is inferred from reactivity, it has to be assumed that 
if reaction takes place, it docs so without any change of structure or configuration. During 
recent years a number of examples have been found which prove that this assumption is 
not always valid. 
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(IVa). Triacidotriatnmimchromium(lII) compounds. 


Cr'^3 


Compounds of this t>pe are non-clectrolytes. 
Am = NH3, pyr; R = F, Cl, SCN. 


OH, 


Am 


Fig. 24. Isomerism in compounds of the type 


R 


1 

R 

R 

Am J 

Am Am 4 

OH2 Am j 




Am 

Am 

Am 


R 


Am, 

CrOHj 

R. 


Am 


OHi 


Am, 

(IVb). Triacidoaquodiarnminechromiurn{III) compounds, CrOHj . 

Also non-electrolytes. Rj 

Am = NH3, R = SCN, OH; Am = pyr, R = F, Cl. OH. 

(IVc). cf. type (If). 


(IVd). TriQcidotTiaquochTomium{IIl) compounds. Compounds of the general formula 

(H30)3 


Cr 


R3 


are not known in the free state, but derivatives are known, in which H,0 is replaced by 
other oxygen- or sulfur-containing groups—e.g., the compound 

(C3H30H)3 

C13 


already referred to. 

(Va). TetracidodiamminechromaU{III) salts. 


Cr^2 

^4 


M‘. 


Am = NH3, pyr, Jen; 


R = Cl, Br, SCN, JCjO,. 


Since the complex contains 4 negative equivalents, it functions as an anion, and forms salts 
with metals. 

To this class of compounds belongs the so-called Reinecke salt, NH4[Cr(SCN)4{NH3)„] • 
HjO; the anion of this complex has often proved useful in forming salts with organic 
cations, thereby enabling them to be isolated in a pure state. .According to Mahr anorg. 
Chan. 225 (1935) 386], Reinecke’s salt is a convenient precipitant for the quantitative 
determination of copper, which can be precipitated in the form of Cu[Cr(SCN)4(NH3)j{] 
without separating other metals (except Ag, Hg, and Tl) from the solution. The reaction 
also provides a sensitive means of qualitatively detecting copper. 


(Vb). 

(Vc). 


See type (If). 

TetracidodiaquochrotnaU{in) salts. 

The dioxalatodiaquochromate(III) salts, already referred to, are of this type. 


(-1|.(H20)2 

R4 


M'. 


(Via). Sec type (If). 
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(\’ Mi I. Peiilaci(Iont/uochromale{I/I) sallf, 


Cr 


H ,0 


M 


An example of this type is provided by the pentachloroaquochromates already discussed 
I he (lioxalatohydroxoaquochromatcs, considered on p. 141, also belong here. 


(\'lI). Hfxacuiochromdtfil/I) sallf, [CrR^JM's* 

Exaniiiles of this class, already encountered, arc the chloro-, cyano-, thiocyanate-, oxalato-, 
and sulhUochromate(III) salts. 


(il) Pulynuclear Chromium Ammtttes. The polynuclear chromium ammincs con- 
taiti several central atoms of chromium. These arc generally linked together by 
OH grotips {‘bridge’ groups), which in this case are lerincd ‘oF groups (cf. \’ol. 

I. p. 40H). 

I 1j«- most important representatives of the binuclear chromium ammincs arc the so-called 
thodo- ami rrylhro-chrotniuni salts and the dioPduhromium{II!) saltu t\ quadrinucUar comp\cx 
IS probably present in the so-called Thodoxo-ebTomium sails of Jorgensen and the ethylene- 
diamine compounds of analogous composition described by Pfeiffer. 

1 he rhodorhroniiuni salts discovered by Jorgensen in 1882 arc formed by the oxidation of 
(hromiumfll) salts by atmospheric oxygen in ammoniacal solution. They arc readily 
conv t rted into the rrylhrochroniium salts. Thus the red neutral (normal) rhodochromium salts 
dissolve in aqueous ammonia with a blue color to give ‘basic’ rhodochromium salts, and the 
normal rhodo-sali is regenerated by the addition of acid. If the blue solution is allowed to 
staiul. however, it turns carmine after some lime, and then red ‘basic’ crylhro-salts may be 
pic-tipitated by adding alcohol, or ‘normal’ crythro-salts (also red) may be precipitated by 
a< i<l. rin-se are reconverted to rhodo-salts if they are kept for 24 hrs. at too"’. 


Normal rhodo-salts 

(red) 

bases 

acids 

‘Basic’ rhodo-salts 
(blue) 

ft 

i 

24 hrs heating 
at too” 

1 



standing in 
solution 

Normal crythro-salts 
(red) 

acids 
< - 

‘Basic’ crythro-salts 
(red) 


'I'hcse transformations, and the principal reactions of the salts, arc explained by the 
following constitutional formulas (Jensen, 1937). 


[(NH3),Cr-OH-..Cr(i\H3)s]X5 

Normal rhodosalt 
decainmim-ol-dichromium(III) sail 


t 

(NH,).Cr-NH,...Cr'J^|)5’* 

Normal cr>'thro-salt 
aquo-enruammine-fi-amino 
rfiV/tromii/m(///) salt 


Xs 


NaOH 
-► 


HX 
* - 


[(NH3},Cr-0-Cr(NH3),]X, 

+ NaX -f H ,0 

‘Basic’ rhodosalt 

decammiru-ft-oxo-chromium (///) sail 


i 

(NH 3 ) 3 Cr—NH,- 



‘Basic’ crythro-salt 
hydroxo-enneammiTU’is-amino 
dichromium{III) sail 


These formulas accord not only with the chemical reactions of the salts but also with the 
observation that the rhodo- and erythro-salts give indistinguishable X-ray patterns. The 
complex cations of the normal erythro-salts arc derived from those of the normal rhodo- 
salts by replacement of an OH-group (electron number = g) by a NHj-group (e.n. = 9), 
and an NH3 molecule (e.n. = 10) by a HjO molecule (e.n. = 10). Since the number of 
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electrons at each point in the crystal lattice is not altered by the ex< liani^e. the scattering 
power for X-rays is unchanged. The -basic’ erythro-salts are derived from the ‘basic’ rhodo- 
salts by exchange of an O^tom (e.n. = 8) with an NH, group (e.n. = 9>. and a .XH, 
molecule = lo) for a OH-group (e.n. = 9). 1„ this case also, provided the slrucl.ire 

"" 7 / 5 ^ X-ray diagrams must bo expected. 

The dwl-d)c/iromtumiIII) salts, as their name implies, are complex salts in VNhich two 
chromium atoms are joined through a pair of OH-groups. This class of compounds is 
represen ^ ch^fly by the tetraethylenediamine-diol-dichromium{lll) compounds, 
[Cr, en,(OH)2]X,. which were prepared by PfeilTer by elimination of water (heating at 
too 120 ) from ow-hydroxo-aquo-diethylenediammine chromium salts'* ; 


en,Cr 


OH 

OH 


X,. — 2H,0 = 
* ^ 


cn., 


Cr 


OH 
• OH 


Cr en 


X, 


The salts of this series (of which the chloride, bromide, iodide, thiocyanate, nitrate, thio. 
sulfate, and chromate arc known; are blue-violet in color. 

The diol-chromium(in) complex 


^OH ,, cn 


cn 




can be formally derived from type Ic of Table 18, 

HOH 


Cr 

cn HOH 


31 - 


by replacement of the two HOH groups by the coordinativcly bivalent 

HO 


group 


en 


HO en 


Three such groups could be introduced in a similar 
to form a quadrimulear complex ion, with six-fold 


manner into the complex [Cr (HOH),]®^, 
positive charge. 


/HO- 
Cr "Cr 
'HO-^ 



The sulfate of this complex was obtained by Pfeiffer, by treating partially dehydrated 
chrome alum with ethylenediaminc hydrochloride, and from it a series of other salts of the 
same type was prepared by double decomposition. These hexacthylenediamine-hexol- 
tctrachromium salts have a fine red color. The so-called ‘rhodoso-chromium’ salts of 
Jorgensen are probably of the same type, since they have the same composition except that 
ethylenediaminc is replaced by a coordinativcly equivalent amount of ammonia. They are 
thus probably dodecammine-hexol-tetrachromium salts, 


/HO 


Cr(Ho;Cr(NH,,.) 


X, 


(e) Chroimum(VI) Compounds 

(/) Chromium trioxide (chroinium{VI) oxide, chromic anhydride), CrOj, is 
precipitated from concentrated alkali chromate or dichromate solutions in the 
form of dark red crystal needles, on the addition of a large excess of concentrated 
sulfuric acid. These may be washed with pure very concentrated nitric acid (free 
from nitrogen oxides), and dried at about 70 ® on a porous plate. The oxide is 


* The corresponding trans salts, unlike the cis salts, cannot change into diol salts without 
undergoing a change of configuration. They therefore remain unaltered under these 
experimental conditions. 
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odorless, has a sour taste, and is rrr^ to.ic because ofits destructive 
substances. (It is particularly damaging to the ktdneys: o 6 g is fatal). It avidly 
absorbs moisture from the air, and is very soluble m water (i66 g m too g of wa er 
at 15°), with a yellow color, to form chromic acid, HjCrO,, and dichromic acid, 

HaCraO,, which are known only in solution. 

Equilibrium is established in solution between chromic acid and dichromic acid: 

aHjCrO^ ^ HjCrjO, + H,0. 

This is shifted over, towards formation of chromic acid, by increasing dilution. The first 
stage dissociation of chromic and dichromic acids is almost complete; the second stage 

°n\hc ^crystalline state, chromium trioxidc has a space laUice built up from CrO, 
octahedra (see below). In solution, coordinative saturation of CrO, tak« place through the 
addition of a water molecule. The binding of the hydrogen atoms in this “ 

so loosened by the repulsion of the 6-fold positively charged chroimum atom, that they 

dissociate ofT as ions: 


O 

O Cr -f- OH, = 
O 


O 


O 

Cr 

O 


O 


4- 2 H+ 


Coordinative saturation of CrO, can also be achieved, however, by as^iaUon i«th 
[CrO,]^ ions already existing in the solution, in which case the dichromate ion is formed. 



O 

Cr 4 - 
O 


0 

T r 0 

0 

0 Cr 

0 • = 0 Cr 

0 Cr 0 

0 

1 0 

0 


Ions containing yet more CrO, units can be built up in the same manner-thc trkhrorr^U 
ion. [Cr, 0 ,o]=, and UtrcchromaU ion, [Cr, 0 „]=. FormaUon of such polyc^omatc lo^ takes 
place to an increasing extent with increase in the concentraUon of oxide and of H ion. 

Repulsion between the surrounding 0 >- ions may be the reason that chromium has the 
coordination number 4 in the chromate and polychromate ions, whereas it has ^rmiwUon 
number 6 in crystalline chromium trioxidc. In the latter, the effect of the six Cr< 10ns 
which surround each Cr*+ ion in the second sphere may partly compensate the repulsions 

between O*" ions. 



Fig. 25. Unit cell- of chromium trioxidc. 
a = 8.46. b = 4.77, c = 5.70 A. 


Chromium trioxidc crystallizes rhombic. Each Cr-atom in its crystal lattice (see Fig. 25) 
is surrounded by 6 O-atoms in a rather distorted octahedron, in such a way that every 
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O atom is common to two octahiclra. and no two oc tah«-dra sfiarc mori' tlian one coriu r 
(WyckofT, 1933. Megaw, 1935). 1 hus tlu ClrO^ octalwdra inaki- nj) a continuous network 
stretching throughout the entire crystal, in the same way as the SiO, t( trahedra in « ^\^tal- 
linc silicon dioxide. 

Chromium trioxide has a density' of 2.80, melts at about 190 . and be gins to v,ipon/e at a 
slightly higher temperature. .At the same time it begins to lose oxygi n. I he tln rmal 
decomposition takes place in several stages: C:rOj ^ - Cr^O^ — OO. - C r.O,. 

It is possible to obtain the compounds and Cir,^ )5 in a pure state if tlie degradation ol 

Cr03 is carried out in an atmosphere of oxygen at appropriate pressures. It has [)e< n prosed 
X-ray investigations (Ward, 1932) that the intermediate phases mentioned above ar<- 
the only intermediate steps in the thermal decontposition. Cr()., is ferromagnetic ' .\Ii( h< l 
and Bcnard, 1935). and has the rutile structure. 


Chromium trio.xidc is an extrcMiiely vigorous oxicli/ing agent, and reacts ex¬ 
plosively with many oxidizable inaiciials. Organic substances, in particular are 
generally attacked very energetically by chromium trioxidc, and inflatnmaiion 
often takes place—e.g., if it tomes into contact with alcohol. On the other hand, 
it can be boiled with acetic acid without attacking it. 

Chromium trioxide is used in preparative chemistry as an oxidizing agent, and 
in medicine as a caustic. Dilute scjiutions are used lor hardening microscopic 
preparations. 

(li) Chromates. The salts of the general formula M'jfCrO,] derived from cliroml- 
um trioxide are known as chromates (strictly: monochromates(\’I)). Unless their 
color is modified by the cationic component, they are all yellow. Wlien the yellow 
chromate solutions are acidified, the color changes to the orange red ol the 
dichromates, M‘2(Cr207]. 

The trichomaUs, M‘j[Cr30,o], and tetrachromates. MbtCr^Oo], obtained from ver>' acid 
solutions containing an excess of chromium trioxide, are still deeper in color (deep red and 
brown red, respectively). 

All the alkali chromates are soluble in water. The solubility of the alkaline 
earth chromates diminishes greatly from magnesium to barium (cf. Table 19). Of 
the heavy metal chromates, those of lead, bismuth, silver, and mercury (in both 
valence states) are practically insoluble. Those of thp last three metals are dark 
red in color. Such dichromates as exist are mostly soluble, except for the dark red 
silver dichromate, AgjCrjO,. 


TABLE 19 

SOLUBILITY OF SOME CHROMATES AND DICHROMATES IN WATER 

(in g of anhydrous salt per 100 g of water) 



Potassium 

Sodium 

Magnesium 

Calcium 

Strontium 

Barium 

Chromate 

62.9 

76.6 

72 

2.3* 

0.123 

0.00035 

Dichromate 

12.7 

180 


very sol. 
deliquescent 

very 

sol. 

vcr>' 

sol. 

Temperature 

20° 

20° 

18° 

19“ 

15“ 

18’ 


* This value is for the stable, anhydrous salt. The hydrated salt is metastable, and 
therefore more soluble. The solubility of calcium chromate decreases with rise of temper¬ 
ature, and is only 0.42 g in 100 g of water at lOo'”. 


5 


«!)4 


SUB-GROUP 6 OF THE PERIODIC SYSTEM 


If a dichromate solution is treated with the salt of a metal that forms a soluble bichromate 
hu. an insoluble chromate (e.g., with barium chloride), the chromate of the metal m 
1 : ;e;;Tated (in instincl’ barium chromate. BaCrO.). Tlus is because the equ.hbr.um 
between (hrornate and dichromatc ions may be temporarily disturbed. 


2CrOr + 2H+ ^ CrjOr + H,0 


(I) 


Even thouRh the dichromatc ions predominate greatly in acid solutions, there are still 
suir.cient chromate ions in equilibrium with them for the solubility Pft>buct of 
soluble chromate to be exceeded. The solubility product of barium chromate is in fact not 
attained in strongly acidic solutions, but is exceeded in weak acids 

sufliiient concentration of barium ions is introduced in the solution. If the acidity of the 
acetic acid is repressed yet further by adding sodium aceUte, the chromiuni ^y be 
quantitatively precipitated as chromate, since the chromate ions present m 
continually removed by precipitation until there arc practically no dichromatc ions left to 

^"Tvhereas dichromates have an acid reaction, because of equilibrium (i), chromates 
have a basic reaction. I hc second stage dissociation of chromic acid ukes pi^ce to such a 
small degree that the CrOr ions react with water to some extent, forming HUrU4 ions. 


CrO." + H *0 ^ HCrO,- + OH- 


( 2 ) 


Salts of the formula M'HCrO,. i.e., acid chromates in the proper sense (the dichromates 
were formerly also often called ‘acid chromates’), are not known. Under all experimental 
conditions when their formation might be expected, dichromates arc obtained. 

By heating barium chromatc(Vl) with barium carbonate in a nitrogen atmosphere to 
about 1200’=’, one obtains barium chromatc(V) (Scholder, 1952): 


2BaCr04 + BaCO, = Ba,(Cr04), -f CO, + lO,. 

By magnetic measurements, Klemm confirmed the presence of pentaposiUve chromium in 
this compound. 

Chromates and dichromates arc very important technicaUy. They are used 
primarily as oxidizing agents—e.g., in the preparation of anthraquinone, benzoic 
acid, quinone, artifical camphor, etc. Their vigorous oxidizing properties also 
make them suitable as bleaching agents for oils and waxes, and for the purification 
of pyroligneous acid. They are also used in the production of explosives and igniter 
mixtures. Dichromate solutions mixed with concentrated sulfuric acid are also 
used for degreasing glassware (‘cleaning solution’). Since chromates are converted 
into the chromium(in) state by reducing agents, they are frequently used as the 
starting materials for the preparation of chromium(III) compounds. They are also 
used in tanning and in the manufacture of inks. Their solutions are used to harden 
and preserve anatomical preparations, as a mordant in dye printing, and in photo¬ 
graphy; gelatin or gum arabic, when treated with chromate solutions, acquire the 
property of becoming insoluble in water when they are exposed to light (gum 
bichromate and bromoil printing processes, etc.). 

The technical production of chromates starts from chromite. This is opened up 
by melting it with alkali, with free access of air (‘oxidative fusion’). The process 
was formerly used chiefly to prepare potassium dichromate, which crystalhzes 
extremely well, but it is now usual to manufacture sodium dichromatc, which is 
made more cheaply and can also be readily purified by recrystallization. 

The chromates are quite toxic, like chromic acid itself. They can give rise to 
deep sores if they come into contact with places where the skin is broken. Particular 
care has to be taken with their toxic properties in the manufactures and use of 
chrome colors. 
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(iV) Sodium chromalt' and Sodium dichromate. Sodium rliromatc, Xa.Cut^^, 
generally crystallizes from solution as a liydrate (witii ioH ,0 below i(j.5 , t.IUC) 
between 19.5 and 26.9 , 4H2O between 25.9 and 62.8 , and anliydtous al)o\e 
62.8 ). It forms yellow crystals, which are always contaminated with sodium suliate 
if crystallization takes place from a solution containing this salt. I’uie sodium 
chromate is therefore prepared from rccr\stallized sodium dichrotnate, l)y treat¬ 
ment with sodium carbonate: 

.\a,Cr, 0 - + .\a,C03 = a.\a,Gr('), ^ CO, 

Sodium dichrotnate generally crystallizes as the diliydratc, .\a,Cr,(), ■ -zlUO, 
but is obtained anhydrous above 83 . It is much more soIid)lc than the inono- 
chromate. Nevertheless, it cait readily be recrystalhzcd since its solubility varies 
steeply with temperature (163 g dissolve in too g of water at o , .^33 g in 100 g at 
98 ). The anhydrous salt is very deliquescent at ordinary temperature, and is also 
fairly soluble in alcohol. It melts at 320 , and decomposes, with loss of oxvgen. at 
about 400". 


Sodium chromate is manufactured on a large scale by healing fmcl) ground chrome iron 
ore (chromite), mixed with soda and lime, in air. The essential reaction follows the «“quation 

2KeO Cr,03 -f- -f- JO, = qNa^CrO, , Fe^O, ( 4C;(),. 

The chief purpose of adding lime is to kec-p the roasted mass porous in texture, so that the 
air has access to all parts. Roasting is generally carried out at 1000 to 1300 . .Xfier the melt 
has cooled, the sodium chromate is leached out with water. It is generally converted into 
sodium dichromate, which is more valuable technically because of its higher chromium 
content, by addition of sulfuric acid to the solution, previously concentrated by evaporation. 
Anhydrous sodium sulfate first separates from the solution on addition of the acid. The 
solution decanted from this is cither evaporated further, and allowed to crystallize at 
ordinary temperature, in which case the dihydrate is obtained, or is heated until all the 
water has evaporated. In the latter case, the mass solidifies on cooling as the anhydrous salt. 
If the process is w’orked so as to give the anhydrous salt, it is usual to add a further quantity 
of sodium hydroxide after acidification, so as to obtain a mixture of sodium chromate and 
sodium dichromate containing 35^0 Cr. This is done because potassium dichromate, which 
was formerly manufactured on a large scale, has this chromium content. 

If carbon dioxide is passed under pressure into sodium chromate solution, dichromate is 
formed: 


2 Na 2 Cr 04 + 200, + H^O ^ NajCr^O, -t- 2 NaHC 03 . 

The lower the temperature, the higher the pressure, and the higher the concentration of 
chromate in the initial solution, the more this equilibrium is displaced towards the formation 
of dichromate (Agde, 1934). The formation of dichromate is considerably favored in that 
the sodium hydrogen carbonate formed separates out for the most part in the solid state. 
It has been suggested that this reaction should be used for the technical production of 
sodium dichromate, since it enables sulfuric acid to be replaced by the much cheaper 
carbon dioxide. 

In addition to the mono- and dichromate, a tri- and tetrachromate of sodium are known, 
as for the other alkali and alkaline earth metals. A sodium chromate of the composition 
Na4Cr06 • 13H2O is also known. This salt, which forms large sulfur-yellow rhombohedra 
can be crystallized unchanged from water. However, if sodium hydroxide (which W'ould be 
expected to stabilize the compound, since the latter is more basic than the norma! chromate) 
is added to the solution, the normal sodium chromate, NajCrO*, separates. 

{iv) Potassium chromate and Potassium dichromate. Potassium chromate always 
crystallizes anhydrous, in lemon y'ellow crystals which are i.somorphous with those 
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of potassium sulfate. It changes above about 670® into a red modification which 
melts at 970-080®. Potassium chromate is very soluble in water, the solubility 
being but little dependent upon the temperature. 

Potassium dichromate, K^CrjO,, crystallizes from water in large orange-red 
triclinic plates, which are also anhydrous. The solubility in water is relatively small 
at room temperature, but increases greatly with rise in temperature (from 4.6 g in 
100 g of H^O at o® to 94.1 g at too®, and 263 g at 180®). The salt can therefore 
be very conveniently purified by recrystallization. Potassium dichromate is in¬ 
soluble in alcohol. It melts at 396°, and crystallizes from the melt in a modification 
which is unstable at ordinary temperature, and which undergoes a transformation 
(with considerable change in v’olumc) below 240®. Potassium dichromate loses 
oxygen only when it is strongly heated. It is completely stable in air, and is not 
hygroscopic. Since it can also readily be obtained in a high state of purity, it is 
uscti in volumetric analysis as a reference material for the standardization of 
thiosulfate solutions used in iodometrv. 


When potassium dichromate and dilute hydrochloric acid are added to a solution of 
potassium iodide, reaction takes place quantitatively: 

CrjO,= -f 61 " + 14H+ = 2Cr+++ + 3I1 + 7HjO. 

Thus 6 atoms of iodine are liberated for every Cr207" ion. 

Some potassium dichromate is manufactured by a method similar to that used 
for sodium dichromate, e.xcept that potash is used for the fusion of the chromite in 
place of soda. However, since considerable amounts of the relatively costly potas¬ 
sium oxide are lost by volatilization at the high temperature of the fusion, it is 
now generally preferred to prepare potassium dichromate from sodium dichromate, 
by double decomposition with sodium chloride. 

(i») Ammonium chromate and Ammonium dichromaU, (NH4)aCr04 and (NH4)3Cr207, 
crystallize anhydrous, like the potassium salts, but are much less stable than the 
latter. They deflagrate vigorously when they are heated to about 200®, leaving a 
residue of green chromic oxide in a very fine state of subdivision. 

(t/i) Lead chromate, PbGr04, is found native as crocoiu. It is practically insoluble 
in water, and is thrown down as a yellow precipitate by mixing a solution of a 
chromate or dichromate with a solution of a lead salt. Lead dichromate is 
obtained only from solutions containing a very large excess of CrOj. 

Lead chromate generally crystallizes monoclinic, but a rhombic modification (stable 
between 707® and 783®) and a tetragonal form (stable above 783°) also exist. In accordance 
with Ostwald’s law of stages, the rhombic modification is often formed by precipitation 
from solution, but on gentle warming, passes over into the monoclinic form, which is stable 
at ordinary temperature. Both the monoclinic and the rhombic lead chromate form mixed 
crystals with lead sulfate. 


Lead chromate is distinctly soluble in caustic alkalis, since there is some for¬ 
mation of plumbites. However, if it is treated with a small amount of caustic 
alkali, a basic lead chromate, PbCr04 • Pb(OH)|, (which is also very insoluble) is 
formed in monoclinic plates. A ruby red lead chromate, still richer in lead oxide, 
with the composition PbCrO, • 2 PbO, is found in nature as melanochroite (phoenicite). 
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Large amounts of lead chromate are used as a pigment, under the name ol 
chrome yellow. The basic chromate is also used as a pigment {chrovie red). 

{vii) Halogen Substitution Products of the Chromates. If one of tlie 0 *“ atoms in the 
chromate acid radical (I) is replaced by a chlorine atom, Cl~, the univalent acid 
radical (II) is produced: 



0 *- 

0 

Cl »- 

0 

Cl 



Cr 

Cr 


0 

0 

0 

0 

Cl 


(I) (II) (HI) 


The salts derived from (II), are known as chlorochromates, M*[Cr03ClJ. If two 
oxygen atoms are replaced by chlorine, the electroneutral molecule chromyl 
chloride (III) is obtained. 

Compounds of the type M‘[Cr03X] are also known for the other halogens, but 
bromine and iodine form no compounds analogous to chromyl chloride. 

(viii) Chlorochromates. Potassium chlorochrornate., K[Cr03Cl], is obtained by adding 
hydrochloric acid to the solution of an equimolecular mixture of potassium chloride 
and chromium trioxide (i), or by boiling potassium dichromate solution with 
excess hydrochloric acid (2): 

CrOj + KCI = K[Cr03Cl] (i) 

KjfCrjO,] + 2HCI = 2K[CrO,Cl] + HjO (2) 


On cooling, potassium chlorochromate separates from the solution in orange, 
rectangular prisms of density 2.50. It breaks up into potassium dichromate and 
hydrochloric acid when it is dissolved in water, since the reaction represented by (2) 
is reversible. It can, however, be recrystallized from water acidified with hydro¬ 
chloric acid or acetic acid. 


Potassium fluorochrornate, KfCrOsP], (ruby red octahedra), potassium bromochromale, 
KfCrOsBr], (dark brown crystals), and potassium iodochromale, K[Cr03l], (garnet red 
crystals) are obtained in a similar manner to potassium chlorochromate. 

(ix) Chromyl chloride^ CrOjCl*, is a deep red liquid, boiling at 117* and forming a 
red brown vapor. It solidifies to form bright red needles (m.p. —96.5®), when it is 
strongly cooled. The density is i .935 at 15*. The compound is formed by the action 
of hydrogen chloride gas on dry chromium trioxide: 

2HCI + CrO, = CrOjCIj + H^O. 

It can also be obtained by the action of phosphorus pentachloride, acetyl chloride, 
pyrosulfuryl chloride or chlorosulfonic acid on chromium trioxide or chromates. 
It is most simply prepared by warming a mixture of a chromate or dichromate with 
alkali chloride and concentrated sulfuric acid: 

KjCrjO, + 4KCI + = 2Cr03Cl3 + 3K3SO4 + 3H2O. 

If it is protected from light, chromyl chloride is fairly stable. In the undiluted 
state it reacts, usually very vigorously (often with inflammation) w'ith oxidizable 
organic substances. It dissolves without decomposition in such substances as carbon 
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tetrachloride, carbon disulfide, phosphorus oxychloride. In these solutions, and 
in the vapor state, its molecular weight corresponds to the formula CrOjCij. 
It is decomposed by water, with a considerable evolution of heat (about 17 kcal 
per mol): 

CrOjCl, + aH.O = H^CrO^ + aHCl. 

It reacts in a corresponding manner with caustic alkalis, forming chromates. 

For ihr detection of chlorides by means of the chromyl chloride reaction, the sample is 
mixed wit!) finely powdered potassium dichromate and heated with concentrated sulfuric 
ac id. I hr sapors evolved arc passed into very dilute sodium hydroxide. If the solution 
thus obtained is found to contain chromate, the original sample must have contained 
cJilorit/f, since bromides and iodides form no volatile compounds with chromium, but arc 
oxidized to free bromine and iodine under the giv’en conditions. In carrying out the test, 
it has to lie rem< mbercd that only those chlorides from which concentrated sulfuric acid 
will liberate HCl can give rise to chromyl chloride. Chlorides which arc insoluble or very 
sliKhily dissociated—i.c., mercury(II) chloride, mcrcury(I) chloride, and silver chloride- 
give no chromyl chloride. Since fluorine gives a chromium compound very similar to 
chromyl c hloride, fluorides must be removed before carrying out the chromyl chloride lest. 

(X) Chromyl fluoride, CrOjF,, can be obtained by the action of fluorine on CrOtCI), or 
!)>■ the reaction of CrOj with anhydrous HF, as a red-brown gas which can readily be 
condensed to deep violet-red crystalline needles (subl. temp., 30®, m.p. 31.6®, vap. press, 
at tri[)le point 873 mm. heal of sublimation 14.6 kcal. per mol.). The compound is quite 
stable if kept in the dark. If exposed to light, it gradually changes into a dirty-white, non¬ 
volatile modification (von Warlcnberg, 1941: Grossc, 1951). 

(.ti) Peroxychromaies and Chromium Peroxides. The action of hydrogen peroxide on 
cltroniatc solutions yields various peroxychromaies, or a deep blue chromium peroxide, 
GrOj, depending upon the conditions of experiment (H'*’ ion concentration, 
amount of HjOj, temperature). 

Two series of peroxychromates are known: blue peroxychromates, with the 
general formula M‘,[CrjO,a], and red peroxychromates, M'jfCrOg]. The acids 
corresponding to these peroxychromates are not stable in the free state; a peroxide, 
CrOj, not capable of forming salts, is formed in acid solution instead. This can be 
isolated in the form of crystalline addition compounds, as well as in solution, 
but does not exist in the free state. 

The deep blue color which appears when acidified chromate solutions are 
treated with hydrogen peroxide is due to the formation of this peroxide. Since the 
latter decomposes, forming chromium (III) salts the blue color rapidly changes 
to green. However, if the solution is shaken with ether immediately after acidifi¬ 
cation, the chromium peroxide enters the ether layer, and persists longer. Since 
the blue color of chromium peroxide is extraordinarily intense, this reaction enables 
even quite small amounts of dissolved chromates to be detected. 

By the action of aqueous ammonia on the ether solution of the blue peroxide, it is 
possible to obtain the ammoniate of a second chromium peroxide, Cr04. This peroxide is 
also known only in the form of addition compounds. Its ammoniate, CrO^ • 3NH,, is 
transformed into the compound Cr04 • 3KCN, of salt-like character, when it is gently 
warmed with potassium cyanide. Aqueous solutions of Cr04 compounds arc brown in 
color. 

The addition compounds of Cr04 were formulated by Werner as coordination compounds 
of elcctrochctnically and coordinatively hexavalent chromium, containing one peroxy 
group. 
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O^, >/NH3 

Oj-Cr-^-NH, 


and 


O ^C.N 
O.. C:r-<-C.\ 

o' \c\ 




It was first proved by Ricscnfeld (lOoO' that CrO^ and the blue and n d peri hroinatos are 
to be considered as true/)eraT>-compounds li.e., hytlrogen peroxid<- derivativesi. sinee he 
showed that hydrogen peroxide was formed in the Indrolysis of these compounds. This 
can not be detected directly, since it is at once decompo.scd catalytically in acid solutions 
by chromium peroxide compounds. Its formation as an interm.diate is shown, however, 
by its reducing action on permanganate. Riesenfeld considered that the [leroxyc hromates 
were compounds of seven-valent chromium. .Schw ar^ (19;^;^ ' subse(|uemly showed that tiu- 
content of peroxidic oxygen is liigher than had been found by Riesenfeld. in whos<- ex¬ 
periments some of the hydrogen peroxide liberated by hytlrolysis had escaped reaction with 
the permanganate, by decomposingdirectl>. Schwarz overcame this difiiculty by catalvtic- 
ally accelerating the hydrogen peroxide-permanganate reaction, by tlie addition of Miiall 
amounts of molybdate. He then found that the blue percliromatcs cont.un i', pe roxy- 
groups per atom of chromium. Hence they are to be formulatc-d as binuclear «ompounds. 
with 6-valcnt chromium. Boehm's observation (1926) that KjCrO,, forms mix<cl crystals 
with KaNbOy and K,! aO^, (cf. pp. 108, i i 1 makes it reasonable to assume that c liroinium 
is pentavaicnt in the red peroxychromates. as are niobium and tantalum in their peroxy- 
salts. This was proved by Tjabbes (1932) and Klemtn (1933). who showed that the magnetic 
properties of the red peroxychromates corrcspotided to tliose expected for a compound of 
-|-5 chromium (cf. \ ol. I, p. 305). The magnetic [iroprrties of tlie blue perox> (‘hromate,s and 
of the pyridine addition compound of chromium pentoxidc, on the other hand, correspond 
to those of the chromates and dichromates—i.e.. to compounds of -j-6 chromium. 

Chromium pentoxide contains 2 peroxygroups. as shown by its consumption of perman- 
ganate. Hence the following constitutional formulas may be written for these compounds. 


I Cr I 
O' 

o 

Blue chromium 
peroxide, CrOj 


0 

X 

0 

0 

''V 

0 

0 

0— 

Cr^ 0 

O-Cr 

0 M’. 

1 

f 

0 

0 

6 

V 

0 

0 


Blue peroxychromates 


0-0 

Cr 0—0 M' 
"' 0—0 

Red peroxychromates 


Now that the constitution of these compounds has been cleared up it removes the 
contradiction between the older assumption, that chromium is heplavalcnt in them, and 
our modem understanding of the relation between valence and atomic structure. The latter 
makes it excessively improbable that chromium should be 7-valent, since to do so it would 
have to be able to utilize an electron out of the argon shell. In view of the strong binding of 
electrons in the inert gas configurations, this w'ould be hard to understand. 

(xii) Bine Chromium Peroxide, CrO^, is knowm only in solution and in the form of addition 
compounds. These correspond to the general formula CrOj • where Am represents one 
molecule of a neutral ligand (pyridine, aniline, quinoline, or ether). The instability of free 
chromium peroxide can be explained in that it is coordinatively unsaturated, and needs to 
add on a neutral molecule to achieve coordinativc saturation. The pyridine addition com¬ 
pound of the blue chromium peroxide is the compound most readily obtained. It has the 
composition CrOs • CsHjN, and crystallizes in deep blue leaflets insoluble in water. The 
methyl ether addition compound, CrOj • (CH3)jO, which was formerly mistakenly thought 
to be an acid HjCrOg, can be made by the action of on CrOj in methyl ether solution 
at low temperatures. It decomposes at about —30® with explosive violence. 

ixiii) Blue potassium peroxychromate can be obtained by cautious addition of 30^0 hydrogen 
peroxide to a solution of potassium dichromate at o“. It forms deep blue dichroic prisms, 
of composition K2Cr20i2 • aHjO, which deflagrate on heating, through shock, or by contact 
with concentrated sulfuric acid. It also decomposes slowly at ordinary temperature, forming 
potassium dichromate. 

The blue ammonium peroxychromate crystallizes with aH^O. like the potassium salt, 
but the thallium salt, TUCrjOig, is anhydrous. 
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(vi'y) Red potassium peroxjychromale, KjCrOg, is formed by the action of 30% hydrogen 
peroxide on a strongly alkaline potassium chromate solution. It crystallizes in dark red- 
brown prisms. It is quite suble at ordinary temperature, but decomposes at 170*. Decom¬ 
position becomes explosive at higher temperatures. 

I hc peroxychromates arc not stable in solution at ordinary temperature. They 
decompose in alkaline solution, reforming chromates: 

[CrjO,,]^ + 2OH- = 2CrOr + H ,0 +. 50 , 

2[CrOB]= + H ,0 = 2CrOr + 2OH- + -O,. 

In acid solution they arc transformed to compounds of chromium(III): 

[Cr, 0 ,J= + 8H+ = 2Cr++^ + 4H,0 + 4O, 

(CrO,]= + 6 H+ = Cr*++ + 3 H ,0 + 5O. 

Hydrogen peroxide, if present, is decomposed catalytically at ordinary temper¬ 
ature. Preparation of the peroxychromates must therefore be carried out below o®. 

4. Analytical (Chromium) 

IVivalent chromium behaves analytically like aluminum. Like the latter, it is 
precipitated from its solutions by ammonium sulfide, in the form of the oxide 
hydrate. 

Chromates arc gradually reduced by ammonium sulfide tochromium(III) salts. 
Hydrogen peroxide does so more rapidly. Conversely, chromium(III) compounds 
can readily be converted to chromates by fusion with soda and potassium nitrate 
(oxidative fusion). Chromates can then most simply be identified by the ‘chromium 
peroxide’ reaction. 

The precipitation with silver nitrate from nitric acid solution as silver dichromate, 
AgjCr,©,, or the precipitation of benzidinium chromate can be used as micro-reactions. 
The color reaction of the Cr,07~ ion with diphenylcarbazide (violet coloration), which can 
also be carried out as a drop reaction, is convenient for the detection of small amounts of 
chromium at high dilution. Chromium(III) salts are first oxidized by potassium peroxy- 
sulfatc (in acid solution, with the addition of silver nitrate as catalyst) for the purpose of 
this test (Feigl, 1931). 

The microcosmic bead is colored dark green by chromium, in both the oxidizing 
and reducing fiame, since in the absence of alkalis the trivalent state (from which 
the green phosphate is derived) is the most stable state of chromium. 

For quantitative determination, chromium is precipitated from chromium(III) 
salts as the oxide hydrate and is weighed as Cr, 0 , after ignition. If chromium is 
present as chromate or dichromate it is most conveniently determined iodometric- 
ally. For gravimetric analysis, it can be precipitated as barium chromate, BaCrO,, 
or as mercury(I) chromate, HgjCrO,, which is converted to Gr, 0 , on ignition: 

aHgjCrO, = Cr, 0 , + 4Hg + 5O,. 

It is possible to determine chromium clectrolytically, by deposition on a rotating 
mercury electrode, as described by Tutundzic anorg. Cfum., 202, (1931) 297; 215, 
(> 933 ) > 9 )- 
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5. Molybdenum (Mo) 

(a) Occurrence 

in Nature chiefly us molybdenite. MoS^, and as wul/iniie 
(yellow lead ore), PhMo04. Molybdenite is widely found, although seldom in large 
quantities. Wulfenite occurs as a secondary mineral in lead ore deposits, but is not 
verN’ common. 


A number of other molybdates are occasionally found is association with mol> luicniic 
e.g.. pou-elliU, CaMoO,. paleraile. CoMo04. belonoute MgMoO,. More common, although 
invariably in only small quantities, is tnolybdeninn ocher. M0O3. 

Molybdenum is widely distributed in Nature in minimal concentrations, .\ccording to 
Ter Mculcn (1931 1 it is found in traces in all plants, and it has been staled (Bortels. 1930 
to be essential for the life processes of azotobacler chroococcum. which is able to fix atmo¬ 
spheric nitrogen.Traces of molybdenum have been detected in the human and animal body. 
c-speciaJly in the pancreas and liver. Cattle pastured in regions where the soil is lacking in 
molybdenum suffer from deficiency diseases which must be- countered by the- sup[}lv ol' 
small amounts in 'salt licks'. 

(b) History 

The old Greeks and Roman used the term motybdaena (lioXuPSaiva) especially for galena, 
but for other lead ores also (Gk (x 6 ).'j( 38 o? = lead). The name was afterwards extended to 
other minerals which will make a dark mark, in the same way as galena,—especially to 
graphite and to the mineral now known as molybdenite. Molybdenite and graphite vshich 
are very similar in appearance, were for a long time thought to be the same substance. 
They were later named black lead or ‘water lead’ (latin, plumbago). Scheeic in 1778. 
first recognized that they were different minerals. He decomposed mohbdenite (‘water 
lead’) by means of nitric acid, and obtained from it a white oxide (molybdenum trioxide. 
M0O3) which he named molybdic acid. The metal forming the oxide, molybdenum, was first" 
isolated by Hjelm in 1782. 

(c) Preparation 

The most important starting material for the preparation of molybdenum is 
molybdenite. As found in Nature, this is generally very impure, so that the ores 
used for large scale production usually contain only a few tenths of a per cent of 
the pure sulfide, MoSj. It is therefore necessary to subject it first to some concen¬ 
tration process. This is now generally carried out by flotation. 

The flotation process (froth flotation) has attained great importance during recent years 
in ore dressing, especially for sulfide ores. [ 6 ~ 8 ]. In its original form, the flotation process 
depends on the fact that certain substances are not wetted by water, but are readily wetted 
by paraffin, petroleum, and other mineral oils. When such substances, which by themselves 
would sink in water, are agitated in a finely divided state with oil and water, those particles 
which are not wetted by water surround themselves with a layer of oil. This makes them 
float, since the bouyancy of the specifically light oil drop more than compensates for the 
weight of the small particle enclosed within it. If an ore contains large quantities of constitu¬ 
ents which are wetted by water, together with small amounts of some material which is 
hydrophobic but welted by oil—as is molybdenite, for example—then the latter stays in 
the froth, when subjected to flotation, while the impurities sink. Instead of using oil drops, 
gas bubbles may act as carriers for the particles to be floated, if suitable foam-forming 
substances arc added. The flotation process is now used almost entirely in this form (foam 
flotation). The foam is produced by blowing air in, or by suction. Substances which would 
themselves be wetted by water can be made hydrophobic, or not readily wetted, by the 
addition of certain materials which are adsorbed at their surface. In froth flotation, these 
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additives (known as ‘eollcctors’, since they bring about the collection in the foam of the 
mineral particles which are to be recovered) act by forming a coating on the surface of the 
[)articles of mineral, to which the air bubbles adhere by capillary forces. To understand the 
way in which the dotation process is now carried out, account must be taken of the strong 
capillary forces which act at points where three difTerent phases meet (air, water, and the 
mineral particle or the adsorbed layer on its surface) (Ostwald, 1932). This view, that the 
miner.il particles are not so much tarried up to the surface by the buoyancy of the adherent 
air bubbles, as pulled into the foam boundaries by the three-phase boundary forces, 
at cords with the observation that the foam is commonly stabilized by picking up the mineral 
particles. The action of the substances which produce the foam (‘frothing agents’) and the 
‘collectors’ can be inodilied by so called ‘modifying agents’. In this way it is possible to 
recover dillerent minerals —e.g., lead sulfide and zinc sulfide—one after the other from the 
same ore by selective froth flotation. 

By combining strongly acting ‘collectors’ with suitable ‘regulators’, it has even been 
foim<! possible to separate oxidic ores (oxides, carbonates, etc.), which are themselves welted 
very well by water, from Impurities (ganguc) which arc themselves oxidic in nature, by 
<lire( t flotation. It is generally preferable, however, to produce a sulfide layer on the surface 
of such mineral particles by suitable reactions, so they then behave in flotation like sulfide ores. 


Molybdenum ore, concentrated to a content of 70% MoS, or over, is converted 
to riiolybdcmim irioxiclc, either by roasting [eqn. (i)] or by fusion with soda in a 
reverberatory furnace, and decomposition of the resulting sodium molybdate 
(etjns (2) and (3)]. Fhe metal is then obtained by reducing the oxide with hydrogen 
(eqn (4)) or with carbon or carbonaceous materials (c.g., colophonium). 


MoSj + iO, = MoOa + 2SO, (1) 

MoS, + 3Na,C03 + ^O, = Na,MoO, + 2Na,S04 -H 3CO, (2) 

Na3Mo04 -I- 2HCI = M0O3 + H ,0 + 2NaCl {3) 

MoOj + 3H, = Mo -f- 3H,0 (4) 


The molybdenum is first obtained in the form of powder, because of its in- 
fusibility. Compact, malleable molybdenum is obtained from this by pressing it 
into rods, and then heating it by low tension alternating current almost to its 
melting point, in an atmosphere of hydrogen. 

Colloidal molybdenum can be made like colloidal chromium, by electrical dispersion under 
isobutyl alcohol, or by alternate treatment of the most finely divided molybdenum powder 
with dilute hydrochloric acid and dilute caustic soda. Molybdenum powder which peptizes 
readily by this treatment can be obtained by heating MoO, or MoO, with zinc dust. 


(d) Properties 

In the form of powder, molybdenum has a more or less matt dark grey color, 
but the compact metal is silver white and lustrous. Is is fairly hard, but can be 
polished and can be worked and welded at high temperatures. Its density is 10.2, 
and melting point around 2600®. The boiling point is very high indeed. Langmuir 
measured the rate of vaporization of molybdenum in a vacuum at temperatures 
up to the melting point, and calculated the corresponding sublimation pressures. 
From these data. Van Liempt estimated the boding point at atmospheric pressure 
as around 3560®. According to later work this is rather higher—about 4800®. 

is quite a good electrical conductor; the specific conductivity at 0° 
is about 34% of that of silver. 

Molybdenum is fairly stable in air at ordinary temperature. At a red heat, even 
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the compact metal is oxidized fairly rapidly to the irioxide. MoOj. It also reads 
uith chlorine and bromine at elc\'aicd temperatures, and with fluorine even in the 
cold. Iodine, however, is without at tion at red heal. M\ (lrogen is t,ik<*n up only to 
a verv small extent, even [>y finely divided molybdenum, and is given up ,ig,un 
conipleteK at 3^^ • MoUbdenum combines wiili carbon, when licaied, forming <i 
carbide. It can also combine direciK witli carbon monoxide, if the gas is treated 
under high pressure w itli fineh' divided rnolybdeninn, Ihe hexacarl)on\ 1 . 
Mo{CO)^, is thereby formed (higldy refractive, volatile crystals, density i.()() . 
Klementarv nitrogen unites only with clifTicuIty with mol\ bdenum. but die nitrides 

inolybdcnmn powder iti ammonia i^as. 

The heat ol formation ol Mo^.N is i().t) ktal per mol (Neumann. Areordiiii' to 

Hagg (19301. above Goo . a third nitride is formed, with a nitrogm eoiit« Mt of jG atotn- ",,. 
Molybdenum can hold small quantities of nitrogi’n in solid solution (Sies erts. 193G1. 

Direct combination of Mo with C: generally produces th.- carbUle M0...C. whit h is 
isotypic with Ta^C and \\In addition to this, there is another carbide, richer in carbon, 
and probably of the formula MoC. This appears to have a cubic struc ture but gives rise 
very readily to mixed crystals with tht* hexagonal tungsten rnonoearbide. W'Ci. (the' strut- 
turc of which is, admittedly, related to the N'aCl typei.^It is much more readilv obtained in 
the form of these mixed crystals than in the pure state (Weiss, 1946-48: I.ander and (ienniT. 
1947, N'owotny and KiefTer. 1952), 


Molybdenum is hardly airccied bv dilute acids, nor bv concentrated hvdro- 

* * I 

chloric acid. It is attacked by concentrated nitric acid, but since diis—like other 
oxidants—simultaneouslythe molylidcnum. the oxidation proceeds only 
t y concentrated nitric acid icacis more energetically with molyb¬ 

denum than the very concentrated acid. Molybdenum is also oxidized by concen¬ 
trated sulfuric acid when heated almost to boiling. Aqua regia, or mixtures of 
concentrated nitric acid with hydrofluoric acid or with sulfuric acid, react more 
vigorously. Molybdenum is practically insoluble in caustic alkalis, and is only 
slowly attacked by fused alkali hydroxides. Fusion with potassium nitrate, potas¬ 
sium chlorate, or sodium peroxide brings about rapid oxidation, however. 


(e) Uses [3] 

Molybdenum is used chiefly for the production of special steels. These are used, 
for example, for gun barrels, armor plate, rolling mills, etc. Even a small addition 
of molybdenum confers great strength and toughness on steel. With chromium, 
nickel, cobalt, and vanadium it is used in the manufacture of high speed steels. 
High alloy molybdenum steels retain their tensile strength up to very high temper¬ 
atures, and molybdenum-nickel-chromium alloys have been important in the 
development of the gas turbine. Molybdenum is also used in making magnet steels 
and acid resistant alloys. For all these purposes it is usually used in the form of 
ferromolybdenum —i.e., an iron alloy of high molybdenum content, which is more 
fusible and less oxidizable than pure molybdenum. 

In spite of its high affinity for oxygen, molybdenum cannot be used as a deoxidant, since 
the oxide formed is retained in solid solution. Conversely, therefore, particular care must be 
taken to ensure efficient deoxidation—preferably by adding some titanium or vanadium— 
when molybdenum is used as an alloy constituent. 

Molybdenum is less suitable than tungsten for electric lamp filaments, since it sputters 
more quickly. However, molybdenum wires arc used as filament supports in electric lamps, 
since the metal can readily be fused gas-light through glass. 
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Of tlic compoxinds of molybdenum, ammonium molybdate is the most used, 
chiefly for the determination of phosphoric acid (e.g., in artificial fertilizers). 


6 . Compounds of Molybdenum [2] 

Molybdenum forms compounds from a number of valence states. The maximum 
valence state, like that of chromium, is six. Apart from the mineral MoSj, molyb¬ 
denum is 6-valcnt in all the compounds which are themselves important namely 
in molybdenum trioxide, M0O3, and the molybdates derived from it. 


SUMMARY 


Chlorides 

Fluorides 

Sulfides 

Oxides 

MoClj 

M0F4 

MoS, 

22:22: 

0 0 0 0 

'oooP 

s 

M0CI4 

M0F4? 

MoSj and Mo(Sj)2 

MoOj 

M0CI3 

MoClj or MojCljj 

MoF,? 

MojS,? 

M02O3? 


a) Halides 

(i) Chlorides. By heating molybdenum p>owdcr in chlorine, molybdenum penlachloride is 
obtained as a dark red vapor which condenses to a deep green almost black mass (m.p. 194°, 
b.p. 268°). According to Debray, the vapor density at 350* is 9.5 (relative to air), corre¬ 
sponding to the formula M0CI5. Molybdenum penlachloride is a non-conductor of electri¬ 
city. both in the solid and the fused states. It reacts with water, with evolution of much heat, 
forming the oxychloride; 

MoCIs + H ,0 = MoOCl, + 2HCI. 

Molybdenum tetrachloride is most conveniently obtained by heating molybdenum dioxide 
with a solution of chlorine in carbon tetrachloride to 250®. It forms a brown powder which 
is readily volatilized to form an intensely yellow vapor. It partially decomposes into M0CI5 
and MoClj, when heated in a sealed tube. 

Molybdenum trichloride, MoCl,, can be obtained by passing MoCl^ over heated molyb¬ 
denum, or by heating M0CI5 in hydrogen. It forms a dark red crystalline powder, insoluble 
in water and in hydrochloric acid. Purple-red aqueous solutions of molybdenum trichloride 
can be obtained, however, by electrolytic reduction at the mercury cathode of molybdenum 
trioxide, dissolved in concentrated hydrochloric acid. The molybdenum trichloride is present 
in these solutions in the form of chloromolybdatc(III) ions. If alkali salts are added, either 
hexachloromolybdate(in) salts, M*3[MoCIe], or pentachloroaquomolybdate(in) salts, 
M'3[MoCl3(HjO)], separate out. according to the concentration. Organic amines generally 
combine additively with MoCI,, forming non-electrolytes, [MoCljAmj]. However, it is 
possible for salts of complex molybdenum(III) cations to be formed by combination with 
neutral ligands—e.g., [MoClj(NH3)4]Cl (Rosenheim, 1931). When anhydrous molyb¬ 
denum trichloride is heated to a dull red heat in dry carbon dioxide, it decomposes into 
M0CI4 and MoCl,. 

Molybdenum dichloride, MoClj or MOfCl,,, is a yellow powder, completely insoluble in 
water. It dissolves in alcohol and ether, however, and the molecular weight in solution was 
found to correspond with the formula MojClf. However, Brosset (1946) has determined the 
structure ol molybdenum dichloride by means of X-rays, and nas shown it to have the 
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molecular formula Mo^Cli^ in the solid state. When heated in hydrogen, it is reduced to 
metallic molybdenum. 

(ii) Fluotidts. Whereas molybdenum exhibits a maximum valence of Jive towards 
chlorine*, it can form a hexafluoride. MoFj, with fluorine. Ruffobtained this compound by 
direct union of the elements, as a very- hygroscopic, white, crystalline mass, which melted at 
17 to a colorless liquid, and boiled at 35 . It is very reactive, and is especially sensitive 
towards moisture. The ox^fluorides MoOF, and MoOjF, (also colorless) are more stable. 
OxyfluoTomotybdaU(V I) salts, (e.g., K.fMoOjF^] • H^O. colorless glistening flakes) crystallize 
from their solutions when alkali fluorides are added. Oxofluoromolybdaie(\’I) salts of the 
type M'afMoOaFj] are formed by fusing MoOj with alkali fluorides. LiF differs from the 
other fluorides in that it reacts with MoO, to form MoO.F,. instead of a fluoromolybdatc. 
The reason for this is that the stability of a complex salt depends not only on the energy of 
formation of the complex ion. but also on the energy' liberated when the complex ion and 
the simple ions pack together to form a crystal lattic<-. It may be calculated that in the 
system LiF-MoOa, although the free energy of formation of the complex ion [MoOjFaJ^ is 
negative, the lattice energy is smaller than the sum of the lattice energies of the simple 
compounds. Similar calculations show that the trioxotrifluoromolybdates of the other alkali 
metals should be stable and (in agreement with experiment) should increase in stability 
from Na to Cs (Schmitz-Dumont, 1952). The alkali trioxotrifluoromolybdates arc cubic 
in structure, and appear to be isotypic with the ammonium salt (NH,)3tMo03F3]. which 
can be obtained from solution. 

Oxyfluoro-salts derived from 5-valent molybdenum are also known (e.g., 
K2 [MoOF 5]'H20, sky-blue glassy leaflets). The simple oxyfluoride from which the latter 
are derived has not yet been isolated, nor has molybdenum pentafluoride. The letra- 
fluoride and trifluoride of molybdenum are also not known with certainty, but double 
salts of the latter exist (fluoromolybdate(III) salts)—e.g., K(MoF4) • HjO. 

(b) Sulfides 

Two normal sulfides of molybdenum are known. The trisulfide is precipitated by 
hydrogen sulfide from acidified molybdate solutions; the disulfide occurs naturally' 
as molybdenite. 

According to older work, a sesquisulfide, M02S3, can be prepared by dry methods, but 
newer work makes the existence of this compound very dubious. 

In addition to the normal sulfides, there is a higher sulfide of molybdenum, with the 
composition M0S4. This is probably a polysulfide, Mo(Sg)2, since salts derived from it are 
known and are regarded as polylhiomolybdates —i.e., compounds derived from molybdates 
(but probably molybdate(IV) salts, not molybdate(VI) compounds) by exchange of 
poiysulfide ions, S**", for 0*~ ions. 

(i) Molybdenum trisulfide and Thiomolybdates. Molybdenum trisulfide may be 
obtained by decomposing thiomolybdate solutions with acids, or by prolonged 
passage of hydrogen sulfide into warm molybdate solutions, acidified with hydro¬ 
chloric acid. 

Precipitation with hydrogen sulfide takes place only very incompletely in the cold, since 
partial reduction of molybdenum occurs, forming molybdenum blue (see below), which 
remains in colloidal dispersion. The trisulfide also readily forms colloidal dispersions. Only 
the first of the two methods cited is of preparative importance, since even the precipitate 
given by hydrogen sulfide from hot solutions is generally not pure molybdenum trisulfide. 

Molybdenum trisulfide forms a deep brown precipitate, which dissolves readily 
in ammonium and alkali sulfides, and also in aqua regia. It loses sulfur, and is 
converted into molybdenum disulfide, when heated in the absence of air. 

* Oxychlorides of 6-valent molybdenum are known, however. 
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The solubility of molybdenum trisulfide in ammonium sulfide is due to the formation of 
ihiomolybdatcs. Most of these correspond to the general formula M'jlMoS^], but some 
(hiomolybdates of more complex composition arc also known. The normal thiomolybdatw 
of the alkali and alkaline earth metals are soluble in water, and mostly crystallize well. 
I hey arc intensely red in color. They arc decomposed by acids, molybdenum trisulfide 

being precipitated: 

(NH,),[MoS4j + 2HCI = M0S3 + 2NH,C1 + HjS. 

(iV) Molybdenum disulfide, MoS„ occurs native as molybdenite. This usually exists 
as flat, thin, soft very flexible leaflets, which have a greasy feel, make a grey mark 
oti paper, and arc very similar to graphite. Density 4.7-4.8. 

Molybdenite very rarely occurs in well-formed crystals. It belongs to the hexagonal 
systeni. Its crystal structure is shown in Fig. 26. The Mo atoms and the S atoms are all 
arr.mg<'d in sheets, perpendicular to the r-axis, in such a manner that every sheet of Mo 
atoms has a sheet of S atoms (at a distance of ;r = t .54 A) on each side of it. It thus forms a 
lover l.ittice. as in the ease of graphite. This accounts for the excellent cleavage of molybdenite 
perpendicular to the c-axis, and its highly developed laminar habit—properties which it 
shares with graphite. The interatomic distances arc as follows: 

Mo ^>5 =2.35 A, Mo Mo = a = 3.15 A, S S = Jf = 3.08 A. 

Molybdenite is found in many places in Europe, but usually in very small quantities. 

Norway has important deposits, but the principal sources 
of the ore arc in Australia and North America. 

Molybdenum disulfide can also be prepared artificially— 
e.g., it is formed by heating molybdenum dioxide, molyb¬ 
denum trioxide, or ammonium molybdate in sulfur vapor. 
When it is heated to a very high temperature in the absence 
of air (in the Moissan furnace) it is said to lose part of its 
sulfur, and to form the sesquisulfide, M03S3. It readily burns 
in air, forming molybdenum trioxidc, MoO,. 

(c) Oaddes 

The most stable oxide of molybdenum is the 
MoOs, which is therefore the end product of the oxi¬ 
dation of molybdenum by atmospheric oxygen. The 
dioxide, MoOj, is also readily obtained. The oxides 
MojOj and Mo, 0 , are said to exist, but must be 
regarded as doubtful. The existence of the interme¬ 
diate oxides MoyOjt and MoaOj, is noteworthy. In 
spite of their complex composition, these are well 
defined compounds with a characteristic structure 
(Magneli, 1949). Their structure is based on the exis¬ 
tence of MoO, coordination octahedra as structural 
units in the crystal. Sharing of all corners between 

Fig. 26. Unit cell of mo- adjacent polyhedra would build up a crystal lattice of 
lybdenite, MoS.. <2 = 3.15, , . . ^ •• 

c ~ 12.30 A. composition MoO,. If oxygen atoms are omitted 

from the structure, in such a way that a proportion of 
octahedra share an edge (i.e., have two O atoms in common), in an ordered ar¬ 
rangement, the structures of the intermediate oxides are obtained. 

(i) Molybdenum trioxide^ MoO„ is obtained by igniting molybdenum, its sulfides, 
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or other molybdenum compounds in air. or by treating them with nitric acid. 
It is usually prepared by prolonged heating of amtnuniuni molybdate in air, or by 
repeatedly evaporating it down with nitric acid and extracting the aininoniuiii 
nitrate so formed with water. MoK bdeiuim irioxide foi nts a soft whin* powdej ol 
density 4 - 5 - turns yellow on heating, aiid melts without de<'omposition at 7<)t 
It begins to suldime in the neighborhood ofits melting point. Ignited molyljdemim 
trioxide is only slightly soluble in water and in most of the common acids, altliough 
it dissolves in hydrofluoric acid and concentrated sulfuric acid. It dissolves readiK 
in caustic alkalis, aqueous ammonia, and alkali c.arbonates, forming molybdates, 
salts with the general foiinula ML(MoU,|. Molybdenum trioxidc can only he 
regarded as the anhydride of tivdybdic add, H.MoO,, in a limited sense, since 
although it is readily obtained Iroin the acid by healing, it cannot be reconverted 
to the acid l>y treatment with water. 

If molybdenum trioxidc is heated to 150—200'' in dry hydrogen chloride, it forms a 
sublimate of pale yellow needles, of composition M0O3 • 2HCI. This is soluble in water, 
alcohol, ether, glacial acetic acid, and acetone. The aqueous solution leaves a residue of 
molybdenum trioxide when it is evaporated. This reaction enables molybdenum to be 
separated very simply from elements which do not form volatile oxides. M0O3 unites with 
alkali fluorides (except Lifj to form colorless, cubic double compounds of the tyt>e 

M> 3 [Mo 03 F 3 ) (Cf. p. 165J. 

(lO Molybdenum ftentoxide is said to be obtained as a violet-black powder when molybdenyl 
hydroxide. MoO[OH)3,js heated in carbondioxidc. Molybdenyl hydroxide is throw'ndown 
as a rust-brown precipitate when ammonia is added to solutions of molybdenum(\') salts. 

The intermediate oxides MojO^a and MouOas, in which molybdenum has the average 
valence state of 5.78 and 5.75, respectively, arc blue-black in color, and are interesting 
because of their relation to molybdenum blue. Their preparation and the elucidation of 
their structure is due to Hagg and Magneli (1944-48). 

(in) Molybdenum dioxide, MoOj. is formed as an intermediate stage in the oxidation, when 
molybdenum is cautiously heated in air. It may also be obtained by passing steam over red 
hot molybdenum, and by treating molybdates with reducing agents (e.g., by fusion w’ith 
zinc). Molybdenum dioxide is a brown-violet powder, with a coppery luster, and is a good 
electrical conductor. It is insoluble in caustic alkalis, unlike molybdenum trioxidc, and is 
also insoluble in acids. It is oxidized to M0O3 by nitric acid, and also by ammoniacal silver 
solutions, from which it precipitates silver. It combines with chlorine to form MoOaClg, but 
does not add on hydrogen chloride (cf. M0O3). Molybdenum dioxide crystallizes with the 
rutile structure (Vol. I, Fig. 63, p. 265), a = 4.86, c = 2.79 A. 

Molybdenum dioxide was obtained by Paal in hydrated form, as a brown-black sus¬ 
pension, by reducing a solution of ammonium molybdate with hydrogen activated by 
colloidal palladium. After ver)' careful drying, its water content corresponded roughly with 
the composition MoO(OH)2. Drying in the warm gave a practically anhydrous oxide. 
Molybdenum dioxide was obtained in the form of a reversible colloid by use of sodium 
protalbinate as a protective colloid. The further action of activated hydrogen, with gentle 
warming and under excess pressure, led to a gel of the sesquioxide, M02O3 (black crusts, 
with a bluish luster). 

Derived from molybdenum dioxide are the molybdate{IV) salts obtained by Scholder 
(1952) in the form of the alkaline earth compounds M“MoOj and M“gMo04. These were 
prepared by reduction of the molybdatc{VI) salts with hydrogen. 

MolybdaU{V) salts can also be prepared. Scholder found that they were formed by 
‘symproportionation’ between molybdate(IV) and molybdate(VI) salts. 

(d) Molybdic Acid and the Molybdates 

As has already been mentioned, molybdenum trioxide dissolves easily in alkali 
hy droxides, forming molybdates (systematically: molybdate(VI) salts). The simplest 



5 


,68 SUB-GROUP 6 OF THE PERIODIC SYSTEM 

niolvhdatcs have the general formula M'j[MoO,], but compounds of this type are 
obtained only from solutions containing a large excess of alkali hydroxide. Most 
molybdates—the so-called polymolybdates—con\.2L\n more than one MoO, for each 
M'^O. The ordinary ammonium molybdate is such a polymolybdate. 


(i) Molybdic acid. The sparingly soluble molybdic acid, monoclinic canary yellow crystals, 
with the composiiion HaMo04 H, 0 , frequently separates slowly from molybdate solutions 
(oruaining nitric acid. It readily forms colloidal dispersions, as was observed by Graham. 
It changes into the unhydrated acid. H^MoO,. when gently heated, even in solution. This 
(rystallizes in fine white needles, and exists in two modifications which differ but little in 
appe-arance, but are converted to the anhydride at quit<" different temperatures, one form 
.ilso gives a milky suspension in water, which cannot be clarified by filtration, whereas the 


olhcT docs not. 

riie measurements ofjander and Jahr (1930 and later), By^ (194a), and Carpeni (1947) 
liave shown that a variety of ions exist in molybdate solutions, depending upon the hydrogen 
ion <oncentration. In addition to (NIoO|j ions in alkaline solutions, [HMogOj,]* or 
[.Mo.O.J* . [Mo^O.o]* and ions with 1 or ^^4 Mo atoms have been postulated in solution. 
Hetween them, equilibria are set up similar to those discussed on p. 100 for the polyvanadates, 
involving the H ’ ion concentration of the solution, .\lthough there are only a few distinct 
types of polymolybdate ions apart from the dimolybdates and trimolybdates, which arc 
only rarely isolated from solution* -the salts which crystallize from the solutions may have 
wi(h- variations in composition. This is in part because varying numbers of acidic hydrogen 
atoms may be replaced by metals in the polybasic acids from which they are derived. Al¬ 
though salts have been described with the ratio M'jO : M0O3 = t ; i. 1:2, I ; 2.33* 

I : 3. I : 4. 1 : 8, 1 : 10. it now appears that most of the polymolybdates arc normal salts 
or acid salts of either the paramolybdatc series, M'.fMojOji], or the octamolybdate scries. 
M',[Mo, 0 ,,]. 


i 


[li) Ammonium molybdate. Ordinary ammonium molybdate, a nitric acid solution 
of whit li is used as a reagent for phosphoric acid, is obtained in large colorless 
rnonoclinic crystals, by evaporating a solution of molybdenum trioxide in aqueous 
anunonia. The analytical composition of the crystals would correspond with 
either of the formulas 5(.NH|)iO ■ 1 2M0O3 • ■ 4H2O. 

.\ decision between these alternatives was provided by Sturtevant (1937), who 
determined the weight of the unit cell of the monoclinic crystal lattice, from 
density and cell dimension measurements, and showed that it could be harmonized 
only with the presence of heptamolybdate anions, [Mo7084]*~, and has since been 
confirmed by the detailed structure determinations and precise analyses of Lind- 
qvist (1948). 


The normal salt (NH^ljMoOi can be obtained by dissolving molybdenum trioxide in 
warm ammonia,The ordinary ammonium molybdate of commerce is known as ammonium 
paramolybdatc to distinguish it from the normal salt. 

If a nitric acid solution of ammonium paramolybdatc is added in large excess 
to a phosphate solution containing nitric acid, ammonium molybdophosphate is formed 


• The anhydrous salt LiiMojO,, is an example ofa trimolybdatc crystallizing anhydrous 
from solution. Jander and Jahr consider that the ion [MosOu]^" may be formed as an 
intermediate in the condensation of monomolybdates in solution, although it is not stable. 
Trimolybdates and dimolybdates (e.g., KjMoaOjo, NajMojO,) can also be isolated from 
melts, but arc of different types. Lindqvist (1950) has shown that the dimolybdates, at least, 
contain extended (infinite) anions (such as arc found in the polysilicates), which can have no 
existence in solution. 
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as a fine yellow precipitate of the composition (NH4)3pO<- 12M0O5 • 

The reaction is very convenient for the detection and determination of phosphoric 
acid> but it should be noted that arsenic acid, and in some circumstances silicic 
acid, react in similar fashion with ammonium molvbdate. 

(ni) .Molybdenum Blue. If a solution of molybdic acid, or the acidified solution of a molvb¬ 
date, is treated with a reducing agent (sulfur dioxide, hydrogen sulfide, hydriodic acid, 
hydrazine, glucose, zinc, or molybdenum metal), an intense deep blue coloration is pro¬ 
duced, which is due to the formation of a (ma<;ily colloidal) solution of molybdenum blue. 
Formation of this substance is utilized both as a qualitative analytical test for molybdenum, 
and for colorimetric determination. 

The products comprised under the general name of molvbdenum blue actually re[>resent 
a variety of different substances. In addition to their deep blue color, it is common to all 
the substances that they contain molybdenum in an intermediate mean valence state equal 
to or higher than 5 but louer than 6. 'I'he products obtained b\- precipitation from aqueous 
solution are all amorphous to X-rays, have a \ ariable water content, and pass more or h-ss 
readily into colloidal dispersion. It is also possible to obtain molybdenum blue in the cr> sial- 
line state—not only in the form of the intermediate oxides Mo^O;.^ and Mo^O^j referred to 
previously, but also in hydrated form. Glcmser (1951) was able to prepare the blue compounds 
Mo^Oja* 8H3O, Mo, 0 ,, • H2O and MojOj ■ H^O in the crystalline state, attd characterized 
them as definite compounds by analysis, isobaric degradation and X-ray analysis. 'Flu- water 
in these compounds is constitutional, and Glemscr therefore formulated them as hydroxides 
{NIObOuIOH)!,. MojOjalOH), and Mo20,(OH)j). They arc stable towards ammonia and 
caustic alkalis, and thereby differ from the amorphous blue preparations such as Mo^O^s • 
xH^O (.Audrieth. 1942) and M04O,, ■ xHjO (Glemscr, 19511. The compounds Mo, 0 ,o(OH u 
and Mo 204(OH)2 can also be drepared by the action of atomic hydrogen on MoO,. In 
this manner, or by reaction between LiAlH4and MoOj, a Bordeaux red compound of the 
composition MojO-iOH), is also obtained (Glemscr. 1952). The substance MojO^fGHis 
is not formed immediately when atomic hydrogen and M0O3 react, but results from the 
elimination of hydrogen from an olive-green compound which is first produced. The lali« r. 
which has the empirical composition MoO(OH)2. is, as Glemscr concluded from its be¬ 
havior, better formulated as H^NIojO-fGH),. Treadwell (1946) prepared a readily soluble 
molybdenum blue. MosGgGH. by the electrolytic reduction of ammonium paramolybdate 
in sulfuric acid solution. It is a monobasic acid, and has a molecular weight corresponding 
to the formula given. It is not yet known whether molybdenum is present in compounds of 
the type of molybdenum blue in the -^6 and -t-4 valence states, or in the -t 6 and -r 5 stales. 

Colloidal molybdenum blue is readily adsorbed on surface-active materials, and 
especially on vegetable and animal fibers. It is therefore a typical dyestuff, and finds some 
use as such, especially for silk. 

(iV) Peroxymolybdic acid and Peroxymolybdates. Hydrogen peroxide produces a 
yellow or orange coloration with acid solutions of molybdates. Compounds of 
similar color can be isolated from the solutions, which differ from the molybdates 
in that they contain an excess of oxygen, and give reactions t\ pical of hydrogen 
peroxide (decolorization of permanganate, blue color with chromic acid, etc.). 
They are thus derived from the molybdates, by replacement of an oxygen atom by 
a peroxy group, and are therefore termed peroxymolybdates. The simplest peroxy¬ 
molybdates have the formulas M'HMoOg (pale yellow) and MbMoO^ (red, 
explosive), but like the molybdates they often have more complex compositions. 

According to Jahr (1941), equilibria are set up in solution; 

Mo04= + 2H2O3 ^ HMoOs- f OH- 4- HjO (1) 

Mo 04“ -}- 4H202 MoOg“ -f- 4H;0 (2) 

* For constitution, see p. 181-2. 
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I f (he OH ions formed according to {i) are removed by the addition of acid, the hydrogen 
diperoxymolybdatc ion. HMoOe', is formed quantitatively. Addition of much more acid 

brings about decomposition: 

HMoO,- - MoOr + H+ + 0 „ 

and subsequent condensation of the resulting MoO^ ions, as in pure molybdate solutions. 
Formation of very stable condensed pcroxymolybdate ior« then takes place, by reaction 
with excess hydrogen peroxide, the existence of peroxypolymolybdate ions being shown by 
determinations of the rate of diffusion. The compounds derived from them are deep yellow 
or orange, and arc usually of complex composition, but Hansson and Lindqvist (1949) 
have show’n that it is probable that at least one series is related to the paramolybdate ion, 

1 MojOjJ* , by substitution of peroxy groups. 

Free peroxymolybdic acid, H^MoGj ■ iH^O, is an amorphous yellow powder. 
Unlike the blue chromium peroxide, CrOs, it cannot be extracted by means of 
ether. 

.Allowance must be made for the formation of yellow peroxymolybdic acid if the molybdo- 
phosphate reaction is employed to test for the presence of phosphoric acid in hydrogen 
peroxide. The hydrogen peroxide must be removed by evaporation before carrying out the 

Icsl. 

(c) Compounds of Molybdenum with Acid Anions 

Apart from its halides and sulfides, which in any case do not display well marked salt-like 
character, molybdenum forms practically no simple salts with acid anions, but forms 
numerous complex salts (acuio-salls). 

(») Acido-salts of Hexavalent Molybdenum. Acido-salts of +6 molybdenum arc usually ob¬ 
tained by dissolving molybdic acid in the corresponding acid, and adding the appropriate 
alkali salt, or by dissolving molybdates in the acids. 

If hot concentrated sulfuric acid is saturated with molybdic acid, and allowed to cool, 
molybdenum dioxysulfale (molybdenyl sulfate), MoOjSO*, crystallizes out in brilliant, color¬ 
less, deliquescent, six-sided prisms. Weinland obtained oxosuIfatomolybdatc(VI) salts of the 
types M',[Mo, 0 «(SO,)] and M'j[Moa04(S04),] by dissolving this in alkali sulfate solutions, 
or by the addition of much sulfuric acid to alkali molybdates. 

The oxofluoromolybdatc(VI) salts arc simpler in composition. They are formed by dis¬ 
solving molybdates in hydrofluoric acid, or by adding fluorides to hydrofluoric acid solutions 
of molybdic acid. The principal types known are; 

M',[MoO,Fj], M'tMoOjF,]. M's[MoOjF4] and M'[MoOF5]. 

OxochloromolybdaU(Vl) salts^ mostly of the type M‘,[MoOjCl4], were prepared by Wein¬ 
land. 

{it) Acido-salts of Pentavalent Molybdenum. The oxohalogeno salts of molybdenum(V) arc 
also the simplest acido-salts. The fluoro salts have already been mentioned (p. 165). The 
chloro salts, of general formula M'^tMoOCi^], can be obtained by adding alkali chlorides 
to solutions of molybdenum pcntachloride, or to solutions of molybdenum trioxide or 
molybdates in hydrochloric acid, reduced by means of hydriodic acid. They are bright 
green in color, crystallize well, and are stable in dry air. The corresponding bromo sails, 
M',[MoOBr5], are dark red, or in some cases olive green. Bromo salts of the type 
M'[MoOBr4] are also known; they are similar in color. The thiocyanato salts of 5-valent 
molybdenum, which arc deep purple-red in solution, are simitar in composition, but the 
oxalato salts at present known are more complex. 

(m) Acido-salts of Quadrivalent Molybdenum. Of the acido salts of quadrivalent molybdenum, 
the octacyanomolybdaUs, M*4[Mo(CN)8], are notable for their stability. They are strongly 
complexed, and are obtained when compounds of cither trivalent or 5-vaIenl molybdenum 
arc treated with a large excess of concentrated potassium cyanide. The potassium salt, 
K4 [Mo(CN) 8] • aHjO, which is freely soluble in water, forms yellow rhombic plates. The 
free acid may be obtained from its concentrated solution, by adding fuming hydrochloric 
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acid. It cr>’staliizes in fine yellow needles, with the composition HJMO^CNiJ 6 H ,0 
The octacyanomolybdatc(I\’) salts arc of interest because, in (hern, moivbdcnum 
undoubtedly exerts the coordination number 8. which is otherwise very seldom encountered 
in complex compounds. If potassium cyanide is used in smaller excess for the preparation 
the violet-red dioxoUtTacyanomolybdate{lV) salts are formed—.M'^MoO.iCNj,]. 


(ly) Addo-salts of Trivalenl Molybdenum. In addition to the iKioro- and chloro salts already 
mentioned, the best known acido-compounds of irivalent mol> bd<-iuim are the ihiofyatuilo- 
molybdaUilll) salts, with the general formula M'3[Mo(SC\),]. 1 hey are usually yeiiow or 
red m color, and arc in some cases isomorphous witli the (hiorvanatochroma« (l 11 1 salts. 
This IS true, e.g., of the rhombic ammonium salt (NH^iafMolSCNlg] 4H.O, which is best 
obtained by electrolytic reduction of ammonium molybdate at a bright platinum cathode, 
in the presence of much ammonium thiocyanate. 1 he sodium and jioiassiurn salts are 
similar. The cyanomolybdate(III), K 4 Mo(CN(,) • 2H„0. prepared by Young (1932). 

may perhaps be an example of a compound in which mol>bdenum has the very rarely 
found coordination number 7. 


(f) Acido-salti of Biialenl .Molybdenum. The yellow addition compounds of alkali chlorides 
with molybdenum dichloride, first prepared by Blomstrand. arc probably to be regarded as 
acido-salts of bivalent molybdenum. They correspond in composition to MojCIa • 2M‘CI • 
2 HjO, and the work of Brosset (1946) makes it probable that they have the true complexity 
Mh[MojCI,s{H20)4]. The corresponding bromine and iodine compounds arc also known. 
Blomstrand made the interesting observation (hat when .MogClij or MooBr,2, or their yellow 
solutions in caustic alkalis, are treated with acids, four of the twelve halogen atoms can be 
replaced by other acid radicals. 


7. Analytical (Molybdenum) 


The presence of molybdenum can generally be inferred during the course of the 
systematic separation of the cations, from the fact that the filtrate from the 
hydrogen sulfide precipitation is deep blue in color. Molybdenum is partially 
precipitated as its sulfide by the passage of hydrogen sulfide; it goes into solution 
again on treatment with ammonium sulfide. 

When a molybdenum compound is heated in a tube open at both ends, a sublimate of 
molybdenum trioxide is obtained. This dissolves readily in ammonia, forming ammonium 
molybdate, and if the solution is evaporated to dryness and dissolved in hydrochloric or 
sulfuric acid, the molybdenum blue reaction is obtained on adding zinc or tin(II) chloride. 
A blue coloration is also pbtained if a molybdenum compound is fumed down not quite to 
dryness with concentrated sulfuric acid, and allowed to stand some time in the air. An 
intensely deep blue incrustation is obtained when molybdenum compounds are reduced 
before the blowpipe. This substance is similar in nature to the molybdenum blues, and is 
considered by Glemser (1951) to be probably a definite crystalline hydroxide. 

Molybdenum can be detected microanalyticaUy by the intense reddish blue color given 
by the addition of potassium ethyl xanthate, SC(OC2H5)SK, to a molybdate solution. 
This reaction permits the detection of 0.04 y of molybdenum in a dilution of 1 : i ,000,000. 
The reaction for molybdates with potassium thiocyanate andtin(II) chloride {red coloration, 
due to formation of K3[Mo(SCN),]) is also very sensitive, and is conveniently carried out 
as a drop reaction. 

Molybdenum can be determined quantitatively in molybdate solutions by precipitation 
as mercury(I) molybdate with mcrcury(I) nitrate, or by saturating with hydrogen sulfide 
and acidifying to precipitate the sulfide. In either case, the precipitate is ignited in air to 
form molybdenum trioxide, which is weighed. Precipitation of the compound 
MoOjCCjHjON), with 8-hydroxyquinoline from molybdate solutions containing acetic 
acid is more convenient (Balanescu, 1930). Molybdenum is also conveniently precipitated 
with benzoin oxime. 
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(a) Occurrence 

l ungsten occurs in Nature chiefly in the form of tungstates—most usually as 
waljramitf (an isomorphous mixture ofFeWO*, and MnWO*), CaWO,, 

and stoUite, PbWO*. It is also occasionally found as the free trioxide, tungstile 

^wolfram ocher), WO,. 


Pure firrous tungstate. FeVVO,. occurs tetragonal as reinite, and monoclinic as 
ferberite-. pure manganous tungstate always monoclinic as hubneriU. The isomorphous 
mixture of Fc^VO^ and MnWO, is invariably monoclinic. Lead tungstate is usually found 
as the tetragonal stolzite (isomorphous with scheelite): a monocHnic modification is known 


I h^e most important deposits of tungsten ores arc in China, Korea, Indo-China. Burma 
ind Siam Malacca, Bolivia. .Argentine, Australia and the United States. The principal 
Europcan’occurrenccs arc in Portugal. World production of tungsten (as ore) in the years 
uno, IQ 35 and 1936 amounted to 7950, 10800 and 11900 tons, the contributions of the 
producing zones in these years being: China 56.6^0* 35 - 6 ‘'o and so.g'^o; Burma 16.2%. 

and 2i.4*‘o. Malaya 7 . 4 "«- 9 '%.. ‘^e United States 3.8^, 9.7%, 9 - 6 %. and 

Europe (chielly from Portugal and Spain) 5 ' 9 ”o» 6.7 q* 


(b) History 

l ungsten. or its oxide WO3. was discovered in 1781 by Schecle. in the mineral then 
known as ‘tungstein’, and now called scheelite. Soon afterwards, two Spanish chemists, the 
brothers d’Elhuyar. found that thesameoxide was present in wolframite, but combined with 
iron and manganese oxid<*s instead of with lime, as in ‘tun^tcin . They also succeeded in 
reducing the oxide to the metal. Because of its occurrence in ‘tungstein’ and in ‘wolfram’ 
(the term then used for wolframite*), the element was given both the names tungsten and 
wolfram. In German nomenclature, the element has retained the name of wolfram. 
English and French usage has adopted the name tungsten. 


(c) Preparation 

Tungsten ores, after a preliminary concentration by mechanical and electro¬ 
magnetic ore dressing processes, are attacked by fusion with soda in a reverber¬ 
atory furnace [Eqn (i)]. The sodium tungstate so formed is leached out with 
water, and then decomposed by hot concentrated hydrochloric acid [Eqn (2)]. 
Tungstic acid thus precipitated is heated to convert it to tungsten trioxide (3), 
and this is reduced with carbon or (especially when tungsten of high purity is 


required) with hydrogen to the metal [Eqn (4)]. 

2FeWO, + 2Na,CO, + iO, = 2NajW04 + Fc, 0 , + aCO^ (i) 

Na3W04 -I- 2HCI = HaW04 + 2NaCl (a) 

H,WO, = WO, + H ,0 (3) 

WO, + 3H, = W + 3H,0 (4) 


The metal is obtained in the form of powder, because of its high melting point, and can 
be converted into the compact form by sintering and swaging (cf. p. 174). Fused tungsten 
can be made by reducing the oxide with carbon, or by reaction between the sulfide and 

• The mineral was already known by this name to Agricola: lupi spuma, Wolfrahm, 
= wolf’s foam. It was so called because the mineral, which often accompanies tin ores, 
caused difficulty in tin smelting by slagging or ‘eating up’ the tin. 
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calcium oxide in the electric arc furnace. Colloidal tungsten can be obtained by methods 
similar to those used for molybdenum {cf. p. 162). 

(d) Properties 

Tungsten powder is dull grey, the fused metal white and lustrous. Its density' is 
19.1 and hardness 7. The melting point of tungsten is extremely high—about 
3400°. Its boiling point has been estimated as about 5700*. 

In accordance with its high atomic weight, and the Dulong and Petit law. the specific 
heat (heat capacity) of tungsten is very small (0.0324 cal per degree at room temperature). 
The electrical conductivity at is about 20 . 3 «o of that of silver at the same temperature. 
The resistance increases about 14 fold when a tungsten wire is heated to 2oon 

Tungsten is stable in air at ordinary temperature. It is o.xidized to the trioxide, 
WOj, on heating. Red hot tungsten is oxidized by steam to the dioxide. Nitrogen 
does not react perceptibly with tungsten, even at 1500®. Hydrogen is absorbed only 
to a very small degree. Of the halogens, fluorine reacts \ igorously with tungsten 
powder even at ordinary temperature, whereas chlorine reacts onlv at a red heat. 

r 

Tungsten combines with nitrogen to form a ‘non-Daltonidc’ compound, which is formed 
by heating tungsten powder in NH3 gas. It corresponds in structure to the compound 
MojN formed by molybdenum, but can be obtained with only up to 18.2 atom-'V N, in¬ 
stead of 33*3 as would be the case if all the positions in the nitrogen lattice were 

occupied. 

Tungsten is very resistant towards acids; this is in part due to the ease with 
which the metal is passivated. Compact tungsten is only superficially attacked 
even by concentrated nitric acid and aqua regia. It dissolves slowly in a mixture 
of nitric acid and hydrofluoric acid. Soda-potassium nitrate melts and other 
oxidizing alkaline melts attack tungsten energetically, however. 

(e) Uses [4,^] 

Tungsten is used extensively in the production of special steels, which require 
particular hardness, elasticity and tensile strength. Tungsten and chromium to¬ 
gether alloyed with iron produce the so-called ‘high speed steels’, which retain 
their hardness and sharpness even when red hot. Tungsten is generally used for 
these purposes in the form ferrotungsten, a tungsten-iron alloy usually containing 
81-83% tungsten, which is made from wolframite'by reducing it with carbon in 
the electric furnace. 

High speed steel usually contains about 19% 4°o Cr, 0.5% often some Co also. 

A double carbide FcaW^C is present, with a crystal lattice built up from a network of Fc 
and W octahedra. Up to one third of the tungsten atoms may be replaced by Fe atoms, so 
that the carbide saturated with iron has the composition Fe4W2C. Cobalt and nickel form 
similar double carbides but their stability diminishes in the direction Fe -*■ Ni (Westgren, 

' 933 )- 

Tungsten has become of great importance in the electric lamp and electronic 
industries. Since it has been possible to produce durable filaments it has displaced 
all other metals as the material for electric lamp filaments, because of its high 
melting point and low volatility, combined with its small heat capacity. 
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S.rinsrnt rrquircmrnL. arc laid upon the purity of tungsten to be used for filaments It is 
therefore usually prepared by reducing the irioxide in hydrogen. It is thereby obtained as a 
powder which is verv brittle and not readily worked. The original method of making lamp 
l,la.n- nt,s from it wa, by 'squirting’, the finely divided metal being m.xcd into a pl^tic 
inas-s in a suitable binding medium, and extruded through a diamond die with a very fine 
aperture. The threads produced in this way had such poor mechanical properties however, 
that they were of but little use. A method was subsequently devised whereby the powder 
lungst. n could be converted into a ductile metal, from which wires could be made by 
drawing. This is achieved by first making bars, by pressing and sintering; lhc*sc arc initially 
very brittle. By prolonged alternate annealing and intensive hammering ( swaging ), these 
are converted into rods, which are already relatively ductile. If th«e arc carefully drawn 
into wires, their ductility increases yet further, and by repeated drawing it is ultimately 
possible to get very flexible, strong filaments, with diameters down to o oi mm. 

It is also po^vsible to obtain flexible filamcnts-which arc single crystal wires-from the 
‘squritecr wirc-s. If a littl.- thorium oxide* is mixed in with the mass from which the filament 
is to be extrude-d, and the initially brittle wire is passed through a short high ternperature 
/one at about 2.100 2tioo (produced by means of a tungsten wire spiral m a hydrogen 
atmosphere), it becomes converted into single crystals which are often several meters long. 
Fo ac hieve this, the wire must clearly not be passed through the forming zone faster than 
the rate of crystal growth. Single crystal wires have the same flexibility and bending strength 
as drawn tungsten wires, but tlu-y do not lose thc.se properties when they arc heated to high 
temperatures', whereas the drawn wires become rather brittle again as a result of re- 

crvstallizalion. , , u- i. 

l ungsten compounds find use to some extent as pigmenu—e.g., lead tungstate which 

possesses brilliant whit. nc-ss and excellent covering power as also does zinc tungstate. 

l ungstic ac id is employed in ceramics to produce fiery yellow under-glaze colors. Sodium 

tungstate is used to impregnate textiles and combustible materials, to make them non- 

inllammable. The so-called ‘tungsten bronzes* (see p. 17B) ar<-‘ now but little used. TungsUn 

corbidf, WgC. is the principal constitucmi of the hard metal ‘Widia alloy*, which is used for 

the fabrication of metal cutting tools and drills, and in place of diamond for wiredrawing 

dic-s for making elec tric lamp filaments. 


9. Compounds of Tungsten 

Like molybdenum, tungsten forms compounds from all valence states from 
2 to 6. It has, however, a stronger tendency than molybdenum to function as 
fi-valent. This shows itself, among other evidence, in that it forms a hexachloride, 
as well as the hexafluoride, and—although it is not very stable a hexabromide. 
The most important compounds of tungsten are the tungstates, the acid, tungstic 
acid, from which they are derived, and its anhydride, tungsten Irioxide. 


SUMMARY OF SOME BINARY COMPOUNDS 


Chlorides 

Sulfides 

Oxides 

wcu 

WSa 

WO3 

VVC15 



WCl, 

WSj 

W,On 

WCI3 (known only in 


WO, 


the form of double chlorides) 

WCl, 


• It has not yet been fully explained why thorium oxide should promote the formation 
of single crystals of tungsten. It has been shown, however, that a part of the thorium oxide 
is reduced to metallic thorium on heating. 
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(a) Halides 

(i) Hexahalidei. I'ungstcn freshly reduced in hydrogen combines w.di <hlorine at a red 
heat formmg (ungslen hexMriJe. WC],. This exists as dark vio)< t to blue l,la.k ( rvslals 
{density 3 52, m.p. 275'. b.p. 347 ). Tungsten liexachloride is pra< ticallv insoluble in cold 
water, and is decomposed by warm water. It is soluble in alcohol, ethe r, and otlu r oreanic 
solvents.^It has a strong tendency to form oxychlorides -e.g., WOCl^ >red. m.p. 211 
b.p. 228 ) and WOjCl. {yellow, m.p. 265", volatile when heated). Tungsten hexadiloride 
which contains such oxychlorides is at once completely hvdroly^ed bv water to (ungsiie 
acid and hydrogen chloride. 

The hexobrornUe, W'Br,. resembles th<- hexachloride. but is mor- readiK decomposed 
I he gaseous tuxafiuoride (m.p. 2.5 . b.p. 19.5T is also very reactive. 

(il) Pentahalidei. Tungsten fieutachloride, W'Cls, is formed in the thermal decomposition of 
the hexachloride. As vapor density measurements have shown, decomposition begins 
immediately above the boiling point (the bromide decomposes still more readily 1 The 
pentachloride is prepared by distilling the hexachloride repeatedly in hydrogen. 1 he 
pcntachloride forms brilliant black-green needles (m.p. 248°, b.p. 276 j. The greenish 
yellow vap^ has a density corresponding to the formula WCl,. WCI^ burns in oxvgen 
forming \\ OCl,. It dissolves in water, with partial decomposition. The pentabromidc 
(m.p. 276 , b.p. 333 with partial decomposition) behaves similarly. 

(lii) Tetrahalides. When tungsten hexachloride is distilled in hydrogen, the tetrachloride 
and dichloride arc formed as well as the pentachloride, especially if the temperature is high. 
Unlike the higher chlorides, these arc not volatile. Tungsten tetmchloride. WC:i,. is a loose 
grey-brown hygroscopic crystalline mass, which is readily hydrolyzed by water The black 
Utraiodtde, WI«. made by heating tungsten hexachloride with liquid hydrogen iodide in a 
sealed tube» is similar in properties. 

(ir) Dihclides, TungsUn dichloride^ WClj, is formed by reducing tungsten hexachloride 

with hydrogen (at not too high a temperature, as reduction otherwise proceeds to the metal), 

and by the thermal dissociation of the tetrachloride. It is a grey material which is not stable 
in air. It reacts with water, with the liberation of hydrogen, and has a strongly reducing 
action on other materials. The dibromide, WBr^. is similar. The brown diiodidc, WI^. formed 
by passing iodine vapor over freshly reduced metallic tungsten, is insoluble in cold water. 
It is decomposed by hot water, undergoing hydrolysis and oxidation simultancouslv. 


(b) Sulfides 

If hydrogen sulfide is passed into a tungstate solution, the oxygen of the tungstic 
acid undergoes first partial, and ultimately complete replacement by sulfur, and 
first oxoihiotungstates and finally thiotungstates are formed: 


M«dWO«) M« 2 [W 0 ,S] MjdWOjSi] M^dWOSa) M'JWS,]. 

According to Brintzinger (1934), the solution of the latter contains the ions 
[WS4(H20)2]“. The addition of acids to the solution precipitates chocolate brown 
tungsten trisulfide, WS,. 


Tungsten trisulfide has an extraordinar>' tendency to go into colloidal dispersion—r.g., 
W’hen it is merely washed with water. It is converted to tungsten trioxide when it is heated 
in air. Heated in the absence of air, it loses sulfur and forms the disulfide, WSj. The latter, 
which is also formed by melting tungsten trioxide with potassium carbonate and sulfur, is 
a soft, insoluble powder (density 7.5). Further loss of sulfur (leading to formation of metal) 
occurs in the absence of air only at ver>' high temperatures. When it is heated in air, tungsten 
disulfide readily burns to the trioxide. It also reacts with fluorine, chlorine, and bromine, 
forming the corresponding hexahalides. Its crystal structure corresponds exactly to that of 
molybdenum disulfide (cf. Fig. 26, p. 166); a = 3.18, c = 12.5 A, W S = 2.48 A. 
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(c) Oxides 

As with the case of molybdenum, the trioxide is the end-product of oxidation 
of tungsten or its compounds when heated in air. The dioxide is formed from this 
by treatment with reducing agents. 

It has been shown by Glcmscr (i 943 )» X-ray diffraction studies, that there arc two 
other tungsten oxides, in addition to WO3 and VVOj. These, like WOj, were obtained by 
reducing WOj. with hydrogen, and also by the reaction of WO, with metallic tungsten. 

One of these oxides, the blue-vlolct W.objB. h^ a homogeneity-range from WO, .„ to 

WOa.ftN [fbr the structure see Magn^li. Arkiv Kemi, i (1950) 5 * 3 ]* The other, W|On 
(extending over the homogeneity range WO,.,« to WOj.ji) is red-vioIct, The dioxide 

W'Oj is stated to have the composition range VVOj.^, to WOj.o©- 

(i) Tuntisten trioxide, WO„ is a soft lemon yellow powder, which turns orange 

when licaled. It becomes distinctly crystalline when it is strongly ignited, or if it 
is fused with borax. The brilliantly lustrous, wine-yellow crystals have a density 
7.2'5, and belong to the rhombic {or possibly triclinic, pseudo-rhombic) system, 
rungsten trioxide melts at 1473” and volatilizes above completely 

volatilized at about 500°, however, in a current of hydrogen chloride gas, probably 
as an oxyc hloridc. Tungsten trioxide is completely insoluble in water. It is dissolved 
by caustic alkalis, however, forming tungstaleSy the salts of tungstic aad, of which 
tungstic oxide is only in a restricted sense the anhydride. It is formed from the 
acid by ignition, but cannot be reconverted to the acid directly (e.g., by addition 
of water). 

The crystal structure of WO, is very similar to that of RcO, (cf. p. 237). The O*" ions 
are not exactly mid-way between the ions, however. This lowers the symmetry, so that 
the cubic lattice of ReO, is replaced by a rhombic (or possibly triclinic) lattice. 

WO, can lose a certain fraction of its oxygen (down to the limit WO,.,,) without any 
significant change in crystal structure. However, the smallest diminution in oxygen content 
brings about a change in the color, and the oxide is distinctly blue at the composition 
WO,.*,. 

(ii) Tungsten dioxide, WO*, is formed by reduction of tungsten trioxide—e.g., by mild 
ingition in hydrogen. Tungsten dioxide is a brown powder, (density 12. i, m.p. about 1300'’). 
Prolonged heating in hydrogen at not too low a temperature reduces it to metallic tungsten. 
The crystal structure of WO, resembles that of MoO, (rutile type, a — 4.86. c — 2.77 ^)' 

(iu) Intermediate Oxides. The oxides already referred to above (Wi^O,, and W40|,) are 
formed as intermediates in the reduction of tungsten trioxide to metal. 

The intermediate oxide WjOii is also formed in the reduction of WO, by other methods— 
e.g., electrolytic reduction in aqueous solution. Older statements, that the blue color 
observed in these processes was due to the formation of an oxide WjOj, which could also 
be obtained in the reduction of WO3 with H,, <?an now be regarded as superseded through 
the investigations of Van Liempt (1931), Ebert {1935). and Glemser (1943). 

(d) Tungstic Acid and the Tungstates 

Like molybdenum trioxide, tungstic oxide can unite in very varied proportions 
with basic oxides. The compounds are termed tungstates. The simplest (so-called 
normal) tungstates have the general composition M ‘,0 • WO„ or M‘,[W04]. The 
so-called metatungstates contain 4WOJ per M'^O; they also contain water which, 
from its behavior during dehydration, must be regarded as constitutionally bound. 
The ^paratungstates*, which generally contain i2WOj for 5M*,0, have more com¬ 
plex compositions, and also invariably contain water. 
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Confirmation that the paratungstates ha\c the ratio WOj : M '.,0 - 12:3. and do not 
belong to the same structural type as the paramolybdates (q.v.i, has l)een afl'ordi'd bv 
precise analytical work and X-ra>’ methods (Saddington, i<)40. Lindepist. iq^o;. (>. Jandcr 
(i 927 and later) had concluded from measur<*mrnts of diflusion corlTicienls in tungstate 
solutions that the paratungstates are acid hexaiungstates. M'i(H\V/>.,]. Lindqvisi has found, 
however, from X-ray structure dett-rminations that in th<- crystalline paratungstates tin- 
anion contains 12 tungsten atoms, i.e.. that the formula is to be r<*garde(l as M,,)( U AN', .O,, J. 
The (i : 4) tungstat«‘s. which are grouped togetluT without di%finction as nn t.iiung- 
states , on the basis of their analy tical composition, are probably in sonic- cases deris-ed from 
a ‘hexatungstic’ acid. Free, crystalline acid, however, is not a liexatungstic ac id, 

but a (iodfcalungfiic acid quite distinct from that postulated by Litidcpist as the parent 
substance of the paratungstates. On the basis of its structure, it is not to be regardc cl as an 
isopoly-acid, but as a heleropoly-acid (cf. p. 182). Fhe salts of this acid have ilie Ibrimila 
M'g[H2\V,,04o]. Since all the (1:4) tungstates are liydrated, it is not possiljlc- to dis¬ 
tinguish by any analytical data whether they are dodocatungstatc-s of this type, or are of the 
type or derived from [>aratungstic acid (uhethc-r from 

the hexatungstatc form that appears to exist in solution, or th<-dodecatungstatc form re pre¬ 
sented by crystalline sodium paratungsiaic). However, in the rase of a series of crystallmc 
(1:4) tungstates it has been proved that they are isomorphous with the salts of cc-rtain 
heteropoly-acids (p. 182). Those (t : 41 tungstates of which this is true are undoubtedly 
salts of mctatungstic acid. M'$(H_,W,20go]- but it is not impossible that there are also 11 ; 4' 
tungstates which are salts of hexa-tungstic acid. e.g.. M'aHjfWeO,.,] or 

In alkaline solution.s. down to a pH value 8. monolungiiale ions, (\VO4j are present. 
Formation of hexa-tungstate ions takes place between pH 8 and pH 6: 


6[VV04) + 7H- - [HW’eOj,)" + 3H2O. 


Between pH 6 and pH 4, the solutions contain practically exclusively the hydrogen hexa- 
tungstaic ion, . With further increase in hydrogen ion concentration, Jander 

considers that this may be transformed either into more acid ions— HalWgO^.l’ -by 
combination with hydrogen ion. a process favored in more dilute solutions, or by further 
condensation, into dodecatungstate ions: 

2[HWg02,]>- 4^ 4H‘ ^ (H,,W, 204 „]«- 4- 2 H 2 O. 

The latter process is favored in concentrated solutions (Jandcr, 1925, 1940).* 


The complex ion [HWgOgi]*" can apparently exist in two forms, with differing 
water contents and different behavior. Only one of these is converted, with in¬ 
crease in hydrogen ion concentration, into the ‘pseudo-metatungstate’ ion which 
is formulated as [HaWgO.,]®" (which also contains water of constitution). This 
transformation takes place by way of a third hexatungstatc ion, formally a dibasic 
acid: 

[HWg02,]>- ^ ^ [H3Wg02.]’-. 

as has been shown by conductometric titrations and absorption photometrs 
(Souchay, 1943-44, G. Jander, 1951). 

There is a marked contrast between the condensation processes of the tungstates, which 
lead directly to hexatungstatc ions without any stable intermediate stages, and the succes¬ 
sive formation of di-, tri- and tetrachromatc ions in the condensation of the chromates. 
In principle, although not in detail, the condensation reactions in molybdate solutions are 
related to those of the tungstates. 


* Our understanding of these condensation processes is by no means complete. Other 
workers have not found evidence for the dodecatungstate ions postulated in solution by 
Jander. See, for example Souchay, Ann. Chim., 18 (1943) 61, 169. 
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it) Tungstic Acid. The addition of strong acids to hot solutions of most tungstates 
(but not metatungstates) precipitates yellow tungstic acid, which is practically 
insolul)lc in water and in most acids. 

If tungstate solutions arc treated in the cold with a sufficient excess of acids (sec below), 
a white voluminous precipitate is formed, the so-called white tungstic acid. Its composition 
and properties indicate that this is a gel of tungsten trioxide, with a continuously variable 
water content. Treated with acids (and especially if warmed), it can be converted into the 
ordinary yellow form. White tungstic acid is perceptibly soluble in water, with an acid 
reaction. It has a strong tendency to remain in collodial dispersion, especially if no excess 
of acid, or only a small excess, was employed in its precipitation. Its hydrosols arc less 
stable, however, than those of molybdic acid. High concentrations of hydrogen ions bring 
about immediate flocculation. 

If solutions of the so-called metatungstates are treated with acid, no precipitation takes 
place at all. since mctatungstic acid is very soluble. It can be isolated by double decom¬ 
position of (e.g.,) barium metatungstate with sulfuric acid, or lead metatungstatc with 
liydrogcn sulfide, and is obtained on evaporation in the form of large rhombohedra. Its 
composition corresponds to the formula 4VV03 • gHjO. Its constitution will be discussed in 
conjunction with that of tungstosilicic acid. 

(ii) Sodium tungstate, Na2W04, the technical preparation of which has already 
been discussed (p. 172), is the principal starting material for the preparation of 
other tungsten compounds and of pure tungsten metal. It is very soluble in water 
(73.2 g in too g of water at 21®), and crystallizes in thin, colorless, glistening leaflets 
of the rhombic system, with the composition NajW04 • 2HaO*. The salt loses water 
when it is heated in air, or on standing over sulfuric acid. It is decomposed by 
boiling with strong acid, and yellow tungstic acid is precipitated. 

In addition to the normal sodium tungstate, various sodium polytungstates exist. Of 
these, sodium metatungstate, with the analytical composition NajO • 4WO3 • ioH, 0 , may be 
noted. Its solution gives no precipitate with acid, since mctatungstic acid is soluble, 

(iti) Calcium tungstate, CaW04, occurs native as scheelite, often in association with 
cassitcrile. It crystallizes tetragonal (yellow pyramids, density 6.0). Its crystal structure is 
represented in Fig. a?. Stolzitc, PbW04, and wulfenite, PbMo04, have the same structure. 

Fcrbcrlte, FeW04, hubnerite, MnW04, wolframite, (Fc, Mn)W04, and a scries of other 
tungstates of bivalent metals that crystallize monoclinic (C0WO4, NiW04, ZnW04, 
MgW04) have a crystal structure of characteristic type (wolframite structure) hitherto 
found only among the tungstates. 

(ji/) Tungsten Bronzes. The name ‘tungsten bronze* is applied to a group of variously 
colored (blue, purple red, golden yellow), excellently crystallized, chemically extremely 
resistant substances, which have a bright metallic luster and also metallic conductivity. 
They arc formed by treating alkali or alkaline earth tungstates with reducing agents at high 
temperatures. Analytically, the tungsten bronzes contain equivalent amounts of alkali or 
alkaline earth oxide, and WjOj, with a variable, more or less great excess of WO,. Analo¬ 
gous substances are formed by molybdenum (molybdenum bronzes). The nature of the 
molybdenum and tungsten bronzes has been interpreted as a result of X-ray investigations 
(dc Jong, 1932, Hagg, 1935). Over the range in which they arc cubic, the sodium tungsten 
bronzes, for example, have crystal lattices of perovskite type in which not all the places 
available as sites for Na+ ions need be occupied. The composition of these bronzes varies, 
according to the number of vacant sites, between the limits Na^.jWO, and NaWOj. At 
the composition NaWOj, all the lattice points arc occupied; the tungsten is then present 
exclusively in the -f- 5 state. NaWO* is golden yellow in color; with a decrease in the sodium 
content, the color changes through red and violet to deep blue violet. This deepening of 
color is associated with the fact that as the number of Na"*" ions decreases, a corresponding 

* The decahydrate crystallizes below 6®. 
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number of ions are oxidized to \V«- ,ons. Fhere are also sodium tungsu n bronzes with a 
sodium content even smaller than that of Na„ 3\V03. These are blue, and c rvs.all.ze 
tetragonal, since the perovskite structure is no 
longer stable with further increase in the number 
of vacant sites. 1 he cubic sodium tungsten bronzes 
are electronic semi-conductors, with high conduc¬ 
tivities (x = I to lo ohm ‘ at ordinary tempera¬ 
ture). 

(r) Tungsten Blue. Imense blue products, 
which are usualls' not uiiiftirni in compo¬ 
sition, are obtained by tlie mild reduction of 
tungsten trioxkle or tungstic acid in solution, 
or in contact with water. Depending upon 
the meiliod of preparation, several cliffercnt 
compounds may be present in these substan¬ 
ces. which are referred to bv the general name 
o( tungsten blues'. Properties common to all 
the substance.s are their blue color, and the 
fact that they have compositions which cor¬ 
respond to the presence of tungsten in a 
mean oxidation state lower than 6, but higher 
than 5. Thus tungsten blue resembles mol\ I)- 
denum blue in many respects. Tungsten 
trioxide lakes i^n a bluish lint mcrclv bs’ ex¬ 
posure to sunlight, under water. The format¬ 
ion of tungsten blue, by the addition of zinc 
or tin(II) chloride to tungstate solutions in the 
presence of hy drochloric acid, is a very sensi¬ 
tive reaction for tungstates. 
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Fig. z;. Schevlitc. CaWO, [a = ^.^4. 
<• 11.38 A). BaWO,, Pb\V(),. 

Ca.MoOj. PbMo04 arc isostructural 
with sclu-clitc. as also arc .\aIO4. 
KK)^. .\H4IO,. .\gIO,. KRcO^anci 

KOsOjN. 


I he blue precipitate thrown down from tungstate solutions by the action of‘nascent 
hydrogen’ (Zn + HCI) is stable in air. The precipitate formed by means of SnCh and HCl 
is gradually decolorized on standing in air, being transformed into yellow tungstic acid, 
H2WO4. This different behavior in itself indicates that there may be different kinds of 
tungsten blue. According to Glemscr {1943-51), products in the first ca.se arc hydrogen 
analogues of the tungsten bronzes—i.e., compounds H^WOa (with x = o.i to 0.5), 
whereas in the other case the compound which separates out is closely related in structure 
to tungstic acid, H2WO4; it differs from the latter in having a rather lower oxygen content 
and a variable water content. The crystalline compound H^j.jWOj can also be obtained 
by the action of atomic hydrogen or of LiAlH4 on WO3 (Glemser, 1952). As in the case 
of molybdenum blue, tungsten blue is frequently obtained in the X-ray amorphous state, 
rather than crystalline. It also has a strong tendency to go into colloidal dispersion. 

{vi) Peroxytungstic acid and Peroxytungstates. Tungstic acid and tungsten trioxide 
both dissolve in hydrogen peroxide solutions at too®, forming a compound which 
is regarded as peroxytungstic acid^ H2VVO5*. Peroxytungstates are obtained by treating 
tungstates with hydrogen peroxide. 

Yellow Utraperoxomonotungstatesy MU[VV(02)4j**, crystallise from weakly alkaline solutions 
of alkali tungstates, containing much hydrogen peroxide. From weakly acid solutions rich 

* It has not been proved that this is really a peroxy-acid, and not merely a tungsten 
oxide-peroxyhydrate, WO, • HjOg. 

** (Oj) represents the peroxy group. The compounds crystallize as hydrates. 
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hydroKcn peroxide, or weakly alkaline solutions with little hydrogen peroxide, colorless 
alkali teirapcroxodilungstaics, M-,[W30,(0.),]. crystallize. The formaUon of these two types of 
compounds, depending on the concentrations of ions and HjO,. can be explained m 
terms of the following equilibria in solution, as shown by Jahr (1938, 1952): 


2(VVO«]" + 4H2O3 ^ [WjOjIO,),]^ -f 2OH- + 3H2O 
[WjOjiOa),]^ -f 2OH + 4Ha02 = 2(W(02)4]^ + 5^,0 
[HW^Ojif- + I2H303 ^ 3 [Wi 03(0,)4]- + + iaH, 0 . 

Wl.ereas a suiricient excess of H.O, converts the hexatungstate ions [HW.O*,]*-, 
present in acid solution, to Ictrapcroxoditungstate ions, [W203(02)4] , yellow peroxopoly- 
luri^slalef arc formed in acid solutions if smaller amounts of HjOj arc prcscrit i.e., peroxy- 
<-om|)ounds derived from polytungstic acids. The composition and constitution of these 
lompounds arc as yet not fully explained. 


(e) Tungstosilicic acid. Hcteropolyacids 

As was first observed by Marignac (1862), silicic acid is soluble in hot solutions of acid 
alkali tungstates. \'ery well crystallized salu are so formed, which display the peculiar 
featuri' that they contain a large number (up to 12) WO3 for each Si02, in addition to alkali 
oxide- and water. 'Muse salts have hitherto generally been called silicotungslates\ the name 
pohlung^loiUicatei is more strictly correct, since they are derived from silicic acid or its salts 
by the addition of tungstic acid radicals (tungstatogroups). The potassium salt of this 
grou|> of compounds with the highest tungstic acid content has the analytical composition 
SiO. i2\V(^3 HKOM loHjO. or H^SiO* • 12WO3 • 8 KOH • 8HjO. If the tungstosilicates 
are treated with acids, the alkali alone is lost, and the ratio SiOj : \V03 remains unaltered, 
riu- tungstosilicates are immediately decomposed by alkalis. 

It has been found that tungstic acid forms compounds exactly analogous to the silico- 
lungstates with other acids than silicic acid—especially with boric acid {tungstoboraUs), 
])hosphoric acid (tungstophoiphoUs) and arsenic acid (tungstoarsenales). 


Examples: 

H^BOa i 2\V03 ■ 5KOH 14H3O 
HaPG, i2\VO, 3KOH 2iH20 
Ha.AsO^ • 9WO, 3KOH 4 HjO 


potassium (dodcca)tungstoboratc 
potassium (dodeca)tungstophosphatc 
potassium (ennea)tung$toarsenate. 


,\s shown by the last example, the number of WO, radicals associated with each 
molecule of the other acid may be smaller than 12. The ratio 12 : 1 is an upper limit, which 
is never exceeded. 

The complex acids from which such salts as those shown above arc derived are grouped 
together under the name of heteropolyacids. The characteristic property of these is that they 
contain at least two different acid radicals, and as a rule contain one of the radicals in large 
numbers. 

It was formerly assumed that the numerous acid radicals in the heteropolyacids were 
linked together in some form of chains. The great stability, of the high-molecular species in 
particular, was not easily reconciled with such chain formulas, which furthermore offered 
no explanation for the existence of an upper limit to the molecular ratio of the two sorts of 
acid radical. A more satisfactory theory of the hcteropolyacids was developed by Miolati 
(1908). on the basis of Werner’s coordination theory. Miolati’s ideas were extended and 
substantiated experimentally by Rosenheim. The application of X-ray structure determi¬ 
nations to this class of compounds (Keggin, 1933: Signer, 1934; Kraus, 1936) has finally 
clarified the matter. It has confirmed the general principles underlying the theory of 
Miolati and Rosenheim, even although it has been necessary to make considerable modi¬ 
fications in the ideas as originally developed. 

Miolati regarded the tungstosilicates of the limiting series—i.e., that in which the ratio 
WO3 : SiO, = 12 : 1—as the derivatives of a particular form of silicic acid in which the 
silicon atom was surrounded by six oxygen atoms (in conformity with the importance as- 



COMPOUNDS OF rUNGS I KN 


i8i 


signed to the coordination number 6 in Werner's th<-orv'i. If it mav be supposed that each 
of the six oxygen atoms is replaced bv a W.O. residue, then the hypoihetual silicic acid 
Hg[SiOe] (hexaoxosilicic acid i leads at once to the formulation of th<‘ tungstosiiicic ac id of 
the limiting scries as H,(Si( 

1 hus tungstosilicic acid would be regarded as a hexaoxosilitic acid in whicli all ilu- 
oxygen atoms were replaced by W.O, groups. Ihe tungstoboric acid can similaris be 
derived from a boric acid H9[BOs]. and iungstophos|jhoric ac id from the acid H.[PO^). so 
that they would be formulated as HJB(W,. 0 .)e) and H;( Pi\N .. 0,1 J. .\nalogous formulas 
follow for the heleropolyacids containing molybdic acid radicals. Ihe Rosenheim-.Miolati 
theory naturally allows also for ihi’ existence of acids wliich can be regarded as arising from 
the replacement of only a part of llie oxsgeii atoms by \\\(), or other radicals. Siuti acids 
would be termed unsaturated acids of tin limiting series. 

The large number of ionizable {replaceable^ hsdrogen atoms which must be- assigned to 
these acids in terms ol the .Mioiati th<‘or\ isstriking. I lu discosers ofsalis with com|)ositions 
corresponding to the number ol replaceable hydrogen atoms was lat«T n garded as c ontirm- 
ation of the lheor> . Indeed, the potassium tungsiosilicate referred to at tlie outset contains 
8 potassium atoms per atom ol Si. as required h> (he theory. Rosenheim found that 
tungsiophosphoric acid land nioiybdophosphoric acid . whuhshould be 7-basic according 
to the theory, did in fact form a compound wiili 7 inohculcs ofguaiiidine. 

[CNjHs ■ W^O-Js]. The mercury(Usah 

of tungstoboric acid, corre-sponding to the theo¬ 
retical 'basicity*, could also be pre pared, and 
had the composition Hgy(B(W., 0 ;i,;j izH.O 
(Copaux. 190CJ). 

The evidence of X-ra\ structure analysis 
leads 10 the follow ing mode l for (lie structure of 
heteropolyacids of the type of dodecatungsto- 
silicic acid. 4 oxygen atoms are arranged 
iclrahedrally around the Si atom, which is the 
central atom of the comple-x, and each of these 
oxygens forms the common vertex of three 
WOg octahedra (consisting of 6 O atoms ar¬ 
ranged in an octahedron around a \V atom) 

(see Fig. 28}. Each of these three octahedra 
also shares another O atom with each of the 
two neighboring octahedra of the same group, 
in such a way that each pair of octahedra 
shares an edge with each of its neighbors. In 
addition, each octahedron shares yet another 
oxygen atom with one octahedron of an 
adjacent group attached to the same Si atom, 
while the sixth O atom of each octahedron is 
unshared. Thus, 3 x (', -r -j + j + 1) = 10 
oxygen atoms in all can be assigned to each 
group of three WO, octahedra, so that each of 

the four groups surrounding the central Si atom has the composition VVjOio- The struc¬ 
ture of the complex ion of dodecatungstosilicic acid can thus be represented by the 
formula [SilWjOjo),]*”. The acid can be regarded structurally as a tctra{tritungstato)- 
silicic acid, H,[Si(W30,(,)4]. 



Fig. 28. Arrangement of WOj octahedra 
around the central atom in hetcropoK - 
acids of the type of 12-tungstophospho- 
ric acid. The fourth WaOj^group, which 
would lie behind the groups shown, has 
been omitted for the sake of clarity. 


Analogous in structure are 

dodecaiungstoboric acid 
dodecatungstogcrmanic acid 
dodccaiungstophosphoric acid 
dodecatungstoarsenic acid 


H 3 [B(W 30 ,„),] 

H,[Ge(W30,o)4] 

H 3 [P(W 30 ,a),] 

H3[As(W30,o)4] 


and the corresponding molybdo-acids. The same complex structural groups have also 
been found in salts of these acids, where their structures have been determined. Thus 
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ammonium molyMophosphatc, which is important for the determination of phosphoric 
acid, is the normal ammonium salt of dodecamolybdophosphoric acid, 

{NH,),[P(Mo,0,o)4] 6H,0. 

rh( hctcropolyacids (and. as a rule, their salts also) always crystallize as hydrates, with 
a v ariable content of water, according to the conditions of preparation. The HjO molecules 
are arranged in a different way in the crystal lattices of the various hydrates; thus the 5- 
hyrlrate.s (for example) crystallize cubic, the i4.hydrates triclinic. the 24-hydrates trigonal. 
The romplex anionic groups persist throughout with unaltered structure. The differing 
( rystal strut tures of the 2<)-hvdralrs (cubic) and the 30-hydratcs (tetragonal) is noteworthy. 
Sueli .i relatively small difference in water content is thus by no means unimportant for the 
rrsstal structure*, even though exchange of the central atom in the anionic complex has no 
elfccl on the crystal structure, as long as the water content is unaltered. Hence all the 
corresponding hydrates of these polyacids arc isomorphous with one another. 

I he essential difference between the structural formulas based on the X-ray crystallo- 
gr.iphie measurements and those proposed by Miolati lies in the recognition that the central 
atom of the anionic complex has a different coordination number from that assumed in the 
oUii-r th«ory. 1 he polyac ids unde r conside ration arc derived from telraoxo-acids (coordination 
number 4'. and not from hexaoxo-acids (coordination number 6). They therefore 
eon lain, not six ditungstato groups, but four tritungstato-group.s (or trimolybdato-groups)**. 
Siiur these he ieropolyacids are derive-d from tetraoxo-acids—i.c., from acids of lower 
‘basic ity’ than formerly assumed, and should themselves also display this smaller ‘basicity’, a 
( c tiain difficulty still arises, in accounting for compounds, such as those cited on p. 181, 
wine h contain more e-quivalents of basic metal than there are H-atoms in the free acid. 
X-ray investigations (Kraus, 1939) seem to indicate that these compounds arc a sort of 
basic salt, which can be considered to arise from the hydrates of the normal salts by cx- 
< hange- of HOH molecules for metal hydroxide. Which hydroxides can be introduced in 
this manricT. and to what extent, would depend, on this hypothesis, essentially on spatial 
con.sidc ratiotis and on the particular properties of the ions to be incorporated. This probably 
explains why such compounds, which simulate in composition a higher ‘basicity’ of the 
a< ids, tan only be obtained in exceptional cases, and arc invariably poorly crystallized. 

The so-called rnetalungslic acid must also be included, on structural grounds, in the class 
of heteropolyacids. The isomorphism which exists between mctatungstic acid and its salts, 
and the corresponding compounds of typical heteropolyacids, had already led Copaux to 
the conclusion that they must be structurally similar. Thus the following structural formulas 
are obtained for the metatungstates and mctatungstic acid: 


K,(H,(VV, 0 ,o)i) « 8 H ,0 
potassium metatungstatc 


Ba,[H,(W30,o)4] • 27H,0 
barium metatungstatc 


H,[H,(VV, 0 ,,),] 24 H ,0 
mctatungstic acid 


isomorphous with K4[Si(WsOj6)|] • i 8 H ,0 

potassium tungstosilicate 

(hexagonal) 

isomorphous with Ba,.j[B(W,0|o)4] • 27H,0 

barium tungstoborate 

(tetragonal) 

isomorphous with H3[P(W50io)4] • 24H,0 

tungstophosphoric acid 

(trigonal) 


X-ray Investigations have confirmed that mctatungstic acid exactly corresponds in structure 
to the tctra(tritungsto) silicic, boric and phosphoric acids. The two hydrogen atoms written 

* The contradictory data often found in the literature for the crystallographic properties 
of the hydrates of the hetcropoly acids and their salts are to be explained by insufficient 
attention to thb effect. 

•• Even before X-ray structure determinations had been carriedout,G.Janderrcjected 
the hypothesis that dimolybdato- or ditungstato-groups were involved in the structure of 
hctcropolyacid complexes, on the grounds that it has never been possible to detect them in 
solution. 
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within the bracket thus play, in mctatung.tic acid, the same role ics tl.e silicon atom in 
tungstosihcic acid, or the boron atom in tungsioboric acid, etc. Henc<- these two hydroyen 
atoms can be formally regarded as the central atoms of the complex m m, tatungstic acid 
which can be considered as a Ulra{triluiig.lo)rlihydrosen add. In the same ua\ , metalungstates 
arc to be regarded as heteropoly salts, in so far as tliey are isomorphous u ith tiingstosiIi< ati s 
or molybdosilicates. Thus the sodium metatungstate referred to on p. 17B is 

N'a4H.,(\V,0.„),J ■ 29 H, 0 . 

Those hctcropolyacids which contain less than i^WOj (or M0O3.* pt r molec uU- of the 
non-metal acid (so called unsaturated’ hcteroj)olyacids,i are probably substantialls’ similar 
in structure to the saturated hctcropolyacids already considenal. but mor<' precise 
knowledge of their structure is lacking.'In the cas«- of the hcteropoivsalts formed b\ comliin- 
ation of WO3 with telluratcs, M‘fi(TeOe]. and periodates. M'5(1()J. ilu- generally 
assumed formulation as hexa(monotungsto;tellurates or periodates, M'J I'l-i \S( )j or 
M's[I{\V04)j], is instructive: it dcri\es the heteropolysalts from the simj^h- salts b\ replace* 
ment of O*atoms by NVO^-groups. However, Jander has shown that salts of this type l annot 
be obtained from solutions which contain only \S’ 0 , - ions. They an- obtained, ratlu r. from 
acid solutions, in which tungstate is present almost entirely its (H\\«(X,]^ ions. Ibis obser¬ 
vation would accord better with a formulation as di(tritungstoi salts, M'd ■!> 

etc. More recent considerations, and X-ray study of the corresponding mol\Ixlotelluiate. 
have shown that these complex anions arc cage structures, based on the sharing of corners 
between WOj (and MoO^) octahedra. in such a way that the central I'reOfij- or [lOf.j- 
group shares each of its oxygen atoms with two (WOgJ octahedra. uhich also share edges 
with their neighbors so as to form a flat ring of [WO,.] octahedra (.Xndi rson. 1937. Fauiis. 
1948). Salts of the types M'.TeO, • MbWO,. or M'lO^ MbWO,. cry.stalli^e from alkaline 
solutions. These can probably be regarded as ordinary double salts. It is by no means 
impossible that salts of higher-molecular condensed acids (isopolyacids > may also be abh to 
combine with salts of simple acids, forming compounds with the structun of douljle salts. 


(f) Isopolyacids 

If, in any oxyacid, the O-atoms are replaced by radicals of the same at id (e.g.. intro¬ 
duction of one or more CrO^ radicals in H^CrO^), the resulting compounds arc U;rm< d 
isopoiyacids, as distinct from the hctcropolyacids formed by the introduction of radicals of a 
different acid. The isopolyacids arc generally referred to merely as ‘polyacids’, except wlien 
it is wished to emphasise the distinction from the hctcropolyacids. They can also be defined 
as compounds derived from a simple acid by the elimination of water between two or more 
molecules of the acid 

E.g.. 2H2CrO, — HjO = HjCr^O,, sHjCrO, — = H^CrjOjo. etc. 

The ions of the isopolyacids arc similarly derived from those of the simple acids by elimi¬ 
nation of O*" ions—e.g., 

QtCrO,]*-— = [Cr^Oj]* , etc. 

The O^" ion eliminated from the one acid ion is replaced by the other acid radical (or ralh<-r 
by one of its O*" ions). 


0 *- 

0 

0 

0 

0 Cr 0 -F 

0 Cr 0 

= 0 Cr 

0 Cr 0 O- 

0 

* 

0 

0 

0 


Reactions of this kind, which lead to the linking of radicals, with the elimination of HjO or 
of O*" ions (also of NHj, HjS, etc.) are generally referred to as condtnsations. 

The ions of the oxyacids can be divided into five groups, on the basis of the ease with 
which they can undergo condensation: 


* V2O5 can also combine with non-metal acids, to form heteropoly acids. 
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fil Ions which cannot condense with one another at all. 

Examples — [COj]*”. [NOj]“, [GIO4]-, [MnO,] . 

lii] Ions which can undergo condensation only to a limited extent, but in all degrees up 

to that limit. r <? • 

Examples — [Cr04]* and [SO,]*'. These form only anionic radicals of finite 

size by their condensation — [CcjO,]*". [Cr30|o]*". [CriOis]*", [SJO7]* . 

('S, 0 ,o)* • The stability of the radicals derived from any one acid decreases with 
increase in the degree of condensation. In most of the ions of this type, the capacity 
for condensation docs not extend beyond the first stage (formation of pyro-acid 
anions). 

(iiij Ions which can condense together in both finite and infinite numbers. 

Example — (SiOJ* . The condensation of a finite number of [SiO,]*' ions gives 
rise to anionic radicals such as [SijOy]*'. [Si^Og]*", (Si40i3]'® (?), fSiaOjj]’* *. 
The condensation of an indefinite number of ions produces anionic chains or bands, 
sheets or networks, with unlimited extension in one, two, or three dimensions. 

(iv) Ions which can condense in indefinite (essentially infinite) numbers. 

Example — [SbOs]" '. The anionic network present in the anhydrous antimonales 
can be regarded structurally as the condensation product of an indefinite (‘infinitely 
great*) number of [SbO„]“ - ions (cf. Vol. I. p. 668). This anion does not exist either 
in the uncondensed form, or in the form of anionic radicals fromed by the conden¬ 
sation of a finite number (2. 3. 4. etc.) of (SbO*)"’ groups. 

(v] Ions which can condense in finite numbers, but only in certain definite proportions 
below the maximum degree of condensation. 

Examples. [\'04]’ . (MoO,]* , [WO4]*- (cf. pp. 100, 168, 177) and [GcOj]*- 
(cf. \'ol. I. p. 521). 


rh<- difiTerence in capacity for condensation between the ions of group (i] and those of 
group (ii) is only gradual. With ions of group [ii]. this capacity generally falls off with 
increasing charge and decreasing radius of the central atom**. The mutual effect of both 
inlluences can reduce the tendency for condensation to zero (group [i]). The relation of 
group (iii) to group [ii] is the converse of that between group [i] and group [ii], the mutual 
efTect of charge and radius leading to an optimum tendency for condensation. Moreover, 
it may be assumed that stereochemical factors also enter into the particularly strongly 
developed tendency of the SiOi*" ion to condense. A further result ofstcric influences may 
also be that an ion such as the Sb®*- ion seeks to surround itself by more oxygen ions than 
can be bound by its positive charge. The groups which would be so built up—in the present 
instance the [SbO^] group—can only be formed if they can share as many O*" ions as 
possible with neighboring groups—i.e., if condensation is carried to the highest possible 
degree***. This is achieved if an indefinite number of[Sb 08 ]‘'-groupsare linked together 
to form a single anionic network, such as has been found in the crystal structures of the anli- 
monates. The ions of group [iv] exist only in the form of networks, in crystal lattices, derived 
in this manner. They stand in direct formal contrast with the ions of group [i], which exist 
only in the uncondensed form. In fact, however, the forces which inhibit condensation in the 
one case, and which produce it to its fullest extent in the other, arc the same. 

The ions of group [v] occupy a special place, as compared with those of groups [i]-[iv]. 
It is peculiar to tht*sc ions that the only detectable condensation products involve disconti¬ 
nuous jumps in the number of acid radicals. Thus, in the case of the tungstates, condensation 

* It is not known whether these radicals, which exist as structural groups in crystals, can 
exist also in solution. 

* * Where the polarizing power of the central atom is strong (elements of the Sub-groups), 
the eflect of its charge upon the capacity for condensation may be compensated or over- 
compensated. 

* * * The group [SbO,]. which is also possible stereochemically, becomes stable only if the 
mutual repulsion of the O*" ions is reduced—e.g., conversion of 0 *~ ions to OH" ions in 
aqueous solution, formation of [Sb(OH)8]-. 
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of the monotungstate leads directly* ** to a hexatungstate. and from this direc.lv toadodeca- 
tun^tatc anion. None of the structures found for the condensation products of groups (i) 
to [iv] can satisfactorily explain this peculiarity. I he fact that just those acids belong to 
group [v] which are capable of forming heteropoI> acid complexes suggests that th. 
isopolyac.d comp exes of this group must be structurally related to th<- h< t< ropolv- 
acid complexes. Indeed the dodecaiungstate compUx has already been ronsidered 
as a heteropolyacid complex, on structural grounds icf. p. 1H21. Classification of dode- 
catungstic acid among tlie heteropolyacids. instead of among the isopolyacids vsould no 
longer seem arbitrary and puzzling it it proved that the condensed acid ions of group K ) 
were based, quite generally, upon structures related to those of the heteropolyacids. Until 
recently, no X-ray evidence was available to bear upon this question, but the recent work 
of Lmdqvist (1950) has shown that this is the case. Paratungstic acid involves a second 
dodecatungsiate complex, formed by condensation of two h. xatungstate ions, whereas the 
^ octamolvbdate ions are both cage structun s. formed by condensation 

of (MoOg] ociahedra. although they do not involve any ‘hetero’-atorns similar .0 the central 
hydrogen atoms in th<- metatungsiatc-s. 

The ions (NbOg]' and ( FaGg]' ma> also be assigned to group (v). Tluse stand in the 
same relation to the group (\] 10ns alreads mentioned as do the ions of group fi\ ] to those of 
the preceding groups. They do not exist in the un< ondensi d state, but are found either 
condensed in infinite numbers, in anions stretching throughout the crystal, such as are 
present in the anhydrous niobates mentioned on p. 107. or else condensed in finite but not 
small numbers, giving the (.\b,0„J^ and (Ta,()„)’ or (.\b,0.,)- and [Ta,0„)« ions 
(ci. p. 113). alihoijgh lower <onclcn^ation su-pj> do not 

.Anionic networks formed b> condensation of an indefinite number of ions, extending 
throughout a crystal, are not usually included among the polyat id anions. However, 
oxyacid salts containing such anionic networks are often thought of as salts of polyacids. 
on the grounds of their analytical composition* *. By way of differentiation from these, the 
acids or salts with JimU anions, derived from oxyacids b\ condensation, can be designated 
isopolyacids or isopolysalts in the stricter sense. The class of isopolyacids and their salts may 
then be divided into two groups, typified by the polychromates, on the one hand, and the 
polyvanadates, polymolybdates, and polytungstates on the other. 


(g) Compounds of Tungsten with Acid Anions 

.Apart from the simple halides (including the oxyhalides) and sulfides, compounds of 
tungsten with acid anions arc known only in the form of complex salts (acido-salis). The 
number of such compounds, other than halogeno- and oxohalogeno-compounds. is only 
small. 

(l) Acido-salts of Hexavalent Tungsten. .A number of oxohalogeno-salts of-r6 tungsten are 
known. Oxofluorolungstate(\ I) salts—usually colorless and well crystallized and mostly of 
the type M'afWOjF^]—can be obtained by dissolving tungstates in aqueous hydrolluoric 
acid. The rhombic copper salt, Cu(\VOjF<] • 4HaO, is isomorphous with Cu(TiF8] • 4H,0. 
The salt (NH^jafWOaFg] is isomorphous with (NH^ljZrF, and with (NH^jaNbOFe. Double 
salts of the oxychloride WOjClj arc also known. 

(«■) Acido-salts of Pentavalent Tungsten. By dissolving alkali tungstates in a concentrated, acid 
alkali oxalate solution, and reducing with tin foil. Olsson obtained fine red oxalato salts of 4- 5 
tungsten, with the general formula M'3(VV0j{C204)2]. These dissolve with a deep blue color 
in concentrated hydrochloric acid, and by saturating the solution with hydrogen chloride 
deep-colored oxochlorotungstate(V) sails can be isolated—M'^fWOCIs] (green). 
M'[\V0Cl4(H20)] (bright blue) and M'[WOCl4] (brown-yellow). The corresponding 
bromo salts have also been prepared. Complex thiocyanato salts of pcntapo.sitive tungsten 
are also known. 

(m) Acido-salts of QjiadrivaUnt and Trivalenl Tungsten. The most important acido-com- 
pounds of +4 tungsten are the oclacjanotungstate(IV) salts. M'4[\V(CN)„], the analogues of 


• It is quite possible, of course, that lower unstable intermediate stages take part in the 
condensation process. 

** E.g., compounds containing several equivalents of Si02 per i MjO are generally 
called ‘polysilicates’, irrespective of whether their structures involve finite anionic radicals 
or chains, networks, etc., of infinite extent. 



5 


186 


SUB-GROUP 6 OF THE PERIODIC SYSTEM 


tlir octacyanomolybdenum(IV) compounds discussed earlier. They can be prepared by 
various methods, and form yellow crystals which arc mostly quite stable m air, and their 
.uiueous solutions arc neutral towards litmus. The free acid is also known, and exists as 
vcllow deliquescent needle crystals with the composition H4[W(CN)8] • 6 H, 0 . Potassium 
nmnanganate in sulfuric acid solution oxidizes these compounds to the ocUuyanolung- 
,lale( 1 ) salts. M' (\V(CN)b] which arc also yellow, whereas in other compounds this oxidant 
in variably converts the tungsten to the + 6 stage*. The free acid H3[W(CN)9] ■ forms 

orange vellow needles, which arc not stable in air. 

\ solution of potassium tungstate in concentrated hydrochloric acid, obtained by a 
particular nu thod given by Ollson or by Rosenheim, yields potassium hydroxopenta- 
(hloroiungstate(l\’), K,( W(OHjCl5]. when it is reduced with tin; this compound is a dyk 
green powder which is red by transmitted light or in solution. If the reduction is carried 
further, it eventually produces chloro salts of tripositive tungsten, of the type M,(W,Cl9]— 
<-.g.. KjtWjC:!,]. yellow green hexagonal platelets. 


lo. Analytical (Tungsten) 

N eltow tungstic acid, H.4WO4, is precipitated by boiling tungstate solutions with 
sirring acids. I bis precipitation docs not occur from metatungstate solutions, or 
rmlv after prolonged boiling (whereby the mctatungsiic acid is ultimately decom¬ 
posed). Hydrogen sulfide also gives no precipitate. However, if alkali tungstate 
soliuioiLs arc saturated with hydrogen sulfide, and then acidified, light brown 
lungstcn trisulfulc, VVS3, is precipitated; it is insoluble in acids and soluble in 
ammonium sulfide. 

If zinc is added to a tungstate solution containing hydrochloric acid, the slimy white 
prc( ipitatc of lungstic acid first formed turns a fine blue. A blue coloration or blue prccipi- 
latc*. depending upon the concentration, is obtained by healing with lin(II) chloride and 
hydrochloric acid (tungsten blue, see p. 179). Tungsten blue is also formed when a tungsten 
compound or metallic tungsten is fumed down with concentrated sulfuric acid. It should 
b<' noted, however, that molybdenum gives a similar reaction. NbjOj also turns blue if it is 
subjected to the action of‘nascent’ hydrogen (cf, p. 110). 

The microcosmic salt bead, which is colorless in the oxidizing flame, turns blue in the 
reducing flame, and blood red on addition of a little iron sulfate. 

Tungsten is usually determined gravimcirically as tungsten trioxidc, after precipitation 
as yellow tungstic acid or as mcrcury(I) tungstate, HgjWO*. Separation from molybdenum 
can be eflcctcd by volatilizing the latter as M0O3 • 2HCI, or by utilizing the insolubility of 
lungstic acid, but not of molybdic acid in 50% sulfuric acid. Belcher and Nutten (193O 
recommend the use of i-amino4 (p-aminophenyl) naphthalene for the separation of tungsten 
from molybdenum. If the HCl concentration is sufficiently high, this reagent precipitates 
only tungsten, without carrying down any molybdenum. 

Quite small quantities of tungsten (down to loy and less) can be accurately determined 
by means of the intense yellow coloration produced when tin(II) chloride is added to a 
weakly alkaline tungstate solution containing potassium thiocyanate (Felgl, 1932). 


II. Uranium (U) [ 9 ] 

(a) Occurrence 

Uranium occursin Nature chiefly in the form of/»i 7 cAW?nd#. This mineral isacom- 
pound of either uranium(IV) or uranium{V) oxide and uranium(VI) oxide 
(cf. p. 200), approximating UjOs in formula, but is invariably contaminated with 
varying amounts of other metal oxides (iron-, lead-, calcium oxides, thoria and the 

• 'The same applies lo the corresponding molybdenum compounds. 
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rare earths). The first deposit of pitchblende to be exploited was the deposit of 
St. Joachimsthal. in Bohemia. Ina tlie rieheM and most productive deposits .ire 
those of the Belgian Congo (Katanga . afiei wliieh mav be ranked those ofthe lar 
North West of Canada {Great Bear I.ake . Pitchblende has also I>een discovered 
m Portugal,.-Xustraha (Xorthern Territory', and in the United .States fCloIoiado. 
and in smaller quantities in Ungland (Cornwall 1. Xorwav. and Sweden. 

A uranium mineral which is nu t with in < rrtain prime val rocks (the so-called pcf-rnatites .. 
and not enriched in secondary ore deposits as is pitchbh-ncJr. is uuiuimU, UO ,. I Ins in¬ 
variably contains thorium oxide, .since U(X and 11,0, are iso.norphous with e'ach other. 
Certain varieties of uraninite contain considerable cjuantities of ran- c-arihs. as well as 
* nimc'rals deveite. hro^gente. and ninmU-. vsliidi arc found in .Norway. 
rAonam/e is a mixture of thorium and uranium oxides, with I hO, preclominatinit. Jhotiie. 
ThSiO^. also invariably contains some uranium oxide, but usually only in small amount. 
An important ore of uranium, occurrini' in the United States (Colorado and Utaii . is 
carnotile, K2{U02)2[\ • 3H2O. Other minerals whirl, may be me ntioned are nulu/iil^ 

1 “?.';;'.''; C:a(UOjJI> 0 ,J,, .« 1 IX). (bari.„„ 

BalUUjIslPOdj • BHjO. lorbetmie (chalcolite-, coppe r uranitei. C.’iK U( PC),]. HH ,( ) 
and zeunfriU, Cu(U02;2lAs0,],. Euxt-niu- and polvc rase also always contain some- uranium. 


(b) History 

. aproth in 178;) in pitchblende, and received its 
name from the planet uraniis, discovered a few years prcvicjusly by Herschcl (1781 ;. 

Klaproth obtained uranium dioxide by reduction of uranium(V'It oxide hydrate. The 
dioxide was for long rc-garded as the metal, until Pc-ligot in ,841 discovered the means of 
preparing the true metal. This he obtained by the reduction of UCl, with metallic potas- 
Slum—a method which, in principle, still remains one of the most suitable wavs of preparing 
the metal in a pure state. 

Until the inception of projects for the utilization of nuclear energy (sc-e p. 603', during thc- 
World War of t 939 “ 45 ' principal objective in working up uranium ores was the extrac¬ 
tion of radium. Uranium oxide wasobtainc-d only as a by-product: the metal was of no 
technical interest, and had. indeed, never been obtained in a high state of purity. With the 
construction of nuclear reactors, and the development of atomic energy projects in the 
United States. Canada. Britain, France and other countries the production of uranium 
metal has become of greater importance than the extraction of radium, and is now carried 
out on a considerable scale. 

Mining for pichblende was begun in the middle of the igih century, at the mines of 
St. Joachimsthal in the Bohemian Erzgebirge. From the i6th to the beginning of the :9th 
centuries, these mines were at the height of their prosperity for the pri^uction of silver*, 
but the silver workings were later abandoned because the ore was exhausi<-d. and finally the 
production of lead, which was continued for some time, declined also. The uranium com¬ 
pounds extracted from the pitchblende found only limited uses for a long while—chielly for 
the manufacture of glasses with a fine fluorescence, and for ceramic colors. Only after the 
discovery of radium (1898, cf. Chap. 11) did the uranium minerals become important. 
The extraction of radium was started on a large scale in almost every industrialized country, 
and especially in the United States. Even so. the uses of uranium compounds remained very 
restricted, and the metal itself was of no technical interest at all. W’ith the discovery of 
nuclear fission by Hahn (1939), metallic uranium has become a material of the utmost 
technical importance for the production of plutonium and for nuclear power reactors. 


(c) Preparation 

The uranium ore containing pitchblende is first leached with sulfuric, nitric, or 
hydrochloric acid. The solution is treated with Ca(OHj2 and an excess of NajCOj. 

* The silver coins from Joachimsthal were briefly known as ‘Joachimsihaler’, and later 
simply as ‘thaler’. This in turn w'as corrupted to the modern ‘dollar’. 
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in order to precipitate aluminum, iron, cobalt, and manganese. The soluble 
carbonatouranate which is thereby formed is decomposed by the addition of HCI, 
and uranium is precipitated from the resulting uranyl salt solution in the form of 
‘ammonium uranate’ (nominally {NH4),U,0„ but often approximating hydrated 
UOs in composition), by passing in ammonia. The ammonium uranate is con¬ 
vened to the oxide UjO* by igniting it in air. 

If the ores contain copper and arsenic, uranium is generally precipitated as NajUjO, by 
means of NaOH, from the carbonatouranate solution, after acidification with HCI. The 
NajUjO, is dissolved once more in hydrochloric acid, and HjS is passed through the 
solution, precipitating CuS and .ASjSj. The filtrate is freed from HjS by boiling, and the 
uranium is finally precipitated as (NH4)jU207 by the addition of ammonia. 

In working up carnotitc, it is necessary to use methods which enable the vanadium and 
the phosphoric acid to be separated from the uranium. Special processes must also be used 
for low-grade urajtium ores—e.g., heating in a current of chlorine or of other chlorinating 
agents (SClj, SOCl,, COCb. CCl,), whereby the uranium is sublimed out as UCI4. 

Reduction of the oxide UjO* to the metal can be effected by heating it with 
carbon in the electric arc furnace, as was shown bv Moissan. Metal prepared in 
this way, however, contains the carbide. 

The preparation of the pure metal is rendered very difficult both by the strong tendency 
of uranium to form the carbide, and by its high affinity for oxygen and nitrogen. 

(^n a laboratory scale, it is possible to prepare the very pure metal by the filament growth 
process of \'an Arkcl and Dc Boer, adapted in a way described by Foote (1944-45, cf. also 
Prescott and Holmes, 1944;. The conditions for deposition require much more exacting 
control than is the case when the method is used for the preparation of titanium, 
zirconium, etc., both because of the low melting point of uranium (1130°), and because 
equilibrium is established with the non-volatile UI,, according to the equation 
:zUl4 5=^ UIj + Ij. A feasible technical method for the preparation of metallic uranium is 
the Weslinghome process, which makes use of the electrolytic decomposition of UF4 or KUFj, 
dissolved in a CaCI,-KCl melt. Pure metal can also be produced on a manufacturing 
scale by the reduction of UCI4 with metallic calcium (James, 1926) or with metallic potas¬ 
sium (which can be produced by the reaction of CaC, with KCl) (Lauti^, 1947): 

UCI4 -i- 2Ca = U + 2CaCIj + 131 kcal. 

UCI4 + 4K = U -h 4KCI -f 167 kcal. 

The process in general use for the manufacture of pure metallic uranium for use in nuclear 
reactors consists of the reduction of uranium tetrafiuoride with metallic calcium: 

UF4 -b 2Ca = U -b 2CaF, -b 134 kcal. 

The starting point for this process is the pure UjOg obtained by heating ammonium 
diuranate, (NH4)5U,07. This can be converted, into uranium dioxide, UO,, by heating it 
in hydrogen, and the dioxide in turn to the tetrafluoride, either by treatment with 40 
per cent hydrofluoric acid, and dehydrating the product, by heating it under reduced 
pressure, or directly, by the action of gaseous hydrogen fluoride at elevated temperatures. 
The pure calcium metal needed for the process can be made by the reaction of calcium 
oxide on aluminum, followed by sublimation in a vacuum. The reaction between uranium 
tetrafluoride and calcium yields the metal in the molten state. It is allowed to solidify in 
moulds of sintered fluorite, is re-melted in a vacuum in crucibles of the same material, and 
is finally obtained 99.98‘'o pure. 


(d) Properties 

% 

Pure uranium is a silver-white, lustrous metal, which gradually tarnishes in air. 
It is not very hard, and can be deformed at ordinary temperature by hammering 
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and rolling. When it is heated, it first becomes brittle, and at still higlici temper¬ 
atures becomes distinctly plastic. The reason for these changes in properties lies 
in the allotropic transformations 22 ^y-V (cf. p. i2r'). Tlie density of 

pure uranium is 19.05, and its specific heat 0.0274 room temperature,1. It has a 

ing point, (1 1 '^o') as compared with its homologues. I he latent 
heat of fusion is about 2.8 kcal per g-atoin. 


From data given by Moore and Kelley (1(1471. the lemperature-varuuion (sf the 

atomic heat (Cp) ofo-uranium aboveo Ccan be represented bvCp - 3.1 ) -i- 8.4.}^ • m ^ I - 

-r 0.80 • 10^ T ’ (T = tem|).. in K'. I'he atomic heacs of*/- and /-uranium arc indepen¬ 
dent of the temperature (C\ 10.38 and 9.10, respectively). Uranium is pert cptibly mor< 

volatile than molybdenum and tungsten at high tem[>cratures. file vapor [iressure is 
0.026 mm at 1900 and 2.4 mm at 2300 C. and the boiling point may be caU ulated irom 
the temperature-variation of the vapor [pressure as about 3300 . The spixific electrical 
conductivity of the pure metal is about 4 • io‘ ohm ‘cm *, and the thermal conductivity 
about 65- lO’^ cal • cm 'sec ‘degree • (at orditiary temperature). Uranium is weakly 
paramagnetic. Its specific susceptibility was found by Owen (19121 to be / — ' 10 ® 

at 18^ C. 


Uranium is a highly reactive metal, especially at elevated temperatures. 
Hydrogen at 250-300® converts massive uranium to the finely divided uranium 
hydride, UH,. The metal l)urns, with showers of sparks, when gently heated in air, 
forming uranium(I\’,\'I) oxide, UjO^. It also combines directly with the halo¬ 
gens and at once inflames in Huorinc. Dry hy drogen chloride attacks it at a dull 
red heal. Sulfur combines slowly with uranium above 250®, and vigorous com¬ 
bustion occurs in sulfur vapor above 500®. Uranium combines with nilrogeix at 
450® and above. Rapid reaction with phosphorus, arsenic, and carbon takes place 
only at about 1000®. Uranium combines with Ijoron only at the temperatures 
attained in the electric arc. It unites directly with many metals, as well as with 
the non-rnetals. 

Uranium dissolves readily in dilute acids, evolving hydrogen and forming 
uranium{IV) salts. It reacts with water even at ordinary temperature if it is finely 
divided. 

Uranium is radioactive, and is the element for which the phenomena of radio¬ 
activity were first observed (cf. Chap. ii). The radioactive disintegration of 
uranium leads to the formation of radium, by way of the intermediate steps set out 
in Table 59, p. 533, and this in turn disintegrates further in the manner shown in 
Table 59. The isotope *”U, actinouranium, which is present to the extent of about 
0.7% in natural uranium, is the parent element of the actinium disintegration 
series (cf. Table 60, p. 537). 


(e) Uses 

The principal use of uranium is as the fissionable material in nuclear reactors 
(‘atomic piles’; cf. Chap. 13), as a direct source of nuclear energy, and for thc 
production of plutonium. 

Many of the compounds of uranium play a part in the preparation of the pure metal or in 
the separation of the uranium isotopes. Apart from this, uranium compounds find only 
limited applications. Uranyl salts are used in photography for intensifying negative's, and 
occasionally in toning baths. .Sodium uranate is used under the name of uranium yellow as a 
yellow pigment for glass and ceramic glazes. Uranyl acetate is a valuable analytical reagcni. 
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for the determination of sodium by means of zinc uranyl acetate. Uranium, containing 
som<- uranium t arbide. is a possible catalyst for the synthesis of ammonia by the Haber 
process. 


12. Gompoimds of Uranium 


(a) Survey 

Like njolyhdcnuni and tungsten, uranium appears to be capable of forming 
compounds from every valence state from (II) to (VI). It is bivalent In the mon¬ 
oxide, UO, and trivalent in a number of compounds including the very stable 
aidiydrous irihalides, UXj. Qiiadrivalent uranium is present in a large number of 
compounds; these include the tetrahalidcs, UX* and the double salts derived from 
ilicin, the dioxide UO*, and the salts with oxyacids derived from the dioxide. 
Compf>imds derived with certainty from the -f -5 state are the two pentahalides, 
Ul*and UClj. There are numerous derivatives of hexapositive uranium, including 
the two hcxahalides UF, and UC 1 „ the trioxide UO,, and the two principal types 
of derivatives of the latter—the uranyl compounds, of the type UOgXj, and the 
uranales, compounds with metallic oxides formally derived from UO3 in its function 
as an acid anhydride. 

With a few exceptions, only uranium(IV) and uranium(VI) compounds are 
capable of existing in aqueous solution. In general, the uranium(\T) compounds 
arc by far the most stable in aqueous solution. Unless they are stabilized by com¬ 
plex formation, uranium(I\’) ions have a strong tendency to undergo oxidation, 
with the formation of uranyl cations, UO,'*"*’, or uranate ions, U04“ or UaO, . 

fhe tendency for the ions to change into uranyl ions, UOj'^’', can be expressed 

(juantitatively by the oxidation potential. For the conditions under which the values of 
Table 103, p. 765 of Vol. I, are valid this has the value —0.41 volt for the reaction 
Lit++> ^ aHjO -► UOj++ -f- 4H-*' + ae. Comparison with other values in the Table 
shows that, in a solution i-normal in hydrogen ions, the U++++ ion has a considerably 
stronger tendency to be oxidized than the ion Fe*^, but not so strong as the ion Sn'*"*’. If 
the hydrogen ion concentration is lowered, the tendency of the U‘'’+''"'‘ ion to be oxidized 
is considerably increased. The oxidation potential of the U'*”*"*’+ ion is also dependent upon 
exposure to light', the value quoted is valid in the dark. Irradiation raises the oxidation 
potential—i.e., the tendency of U++‘'’‘*‘ ions to undergo oxidation increases upon irradiation. 
At the same time, it may frequently be observed that the reduction of uranyl salts is 
promoted by sunlight or ultraviolet light. This is due to a different effect—a catalytic 
acceleration of the corresponding reactions by light. 

Many compounds of uranium(IV) arc isomorphous with the corresponding 
compounds of thorium—<.g., UO, with ThO*, with Th3p4, UP with ThP, 
and also the hydrates of U(S04), with the corresponding hydrates of Th(S04)3, 

Uranium combines with silicon to form the compounds UjSi, UsSi^, (m.p. 
1665®), USi, USij (a- and ^-forms, m.p. 1700°) and USis (incongruent m.p. at 
1510°). The tetragonal a-USij, is isotypic with ThSi*. ^-USij crystallizes in the 
liexagonal system. 

Uranium compounds generally confer to glass melts a yellow color with a fine 
yellow green fluorescence, characteristic of the uranyl radical. Soluble uranium 
compounds are very poisonous. 
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(b) Classification of Uranium Compounds 

The coinpoutids of uraiiiurii can be subdivided into 

[ij the compounds which are nol salt-like in character, 

[ii] sails derived from uranium. 

The salts formed by uranium fall into two groups— 

(a) uranatcs and peroxyuranates 

(b) compounds of uranium with acid anions. 

1. uranium(\’Ij salts. These, without exception, are uranyl salts, i.c., salts 
of the radical [UOa]" 

2. uranium{IV) salts 

3. uranium(in) salts. 

It is not possible to draw an absolutely sharp distinction between thosi- binary compounds 
of uranium which are salt-like in character and those which arc not. The former will tliere- 
fore be treated in the following sections along with the other binary compounds of uranium. 
Compounds of uranium containing more than two elements will not be considered here, 
except for those which arc definitely salt-like in character. 

The uranates are derived from uranium trioxidey UO3, by salt formation with other 
basic oxides. The simplest uranates correspond to the general formula M'a[UOJ, 
but most of the compounds of uranium trioxide with basic oxides are diuranates, 
of the type M'2[U207]. 

The peroxyuranates are derived from the uranates, by replacement of 0 *“ by 
peroxy groups, Oj*'. Peroxyuranates are represented e.g., by the compounds 
M'.fUOa] (or M'4[02 = U0.J). 

The uranyl salts are also derived from uranium trioxide. They result from salt 
formation between uranium trioxides and acids. Only one 0 *“ ion of the UO3 is 
thereby replaceable by acid radicals, giving rise to salts containing the uranyl 
radical, [UO2]'': 

UO3 + 2HX = UO2X3 T HjO. 

The uranium{IV) salts are derived from uranium dioxide, UO2, which acts as a 
base anhydride. The salts correspond to the general formula U''X4 and, as al¬ 
ready stated, they arc less stable in aqueous solution than the uranyl salts. 

The uranium{lll) salts —i.e., salts of the type UX3—are in general quite except¬ 
ionally unstable in aqueous solution. One relatively stable simple uranium(ni) 
salt is the iodide, UI3. 

(c) Binary Compounds of Uranium 

Table 20 gives a summary of the binary compounds of uranium with metals and 
with non-metals. 

The data concerning solubility in the solid state, given in the table, all relate to a- 
uranium. The / 3 -modification has a rather better solvent power for certain metals, and 
y-uranium tends towards still greater miscibility. Thus the latter is able to incorporate in its 
crystal lattice up to 4-5 atom-% of aluminum, 3-4 atom-% of chromium or manganese, 
about 2 atom-% of iron or nickel, and as much as 36 atom-% of molybdenum. Niobium, 
which can be taken up only to the extent of 0.25 atom-^o in a-uranium, will dissolve to 
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,lH- rxtrnt of ()-> atom-”o in 7-uranium at 1350^ (although the solubility is only 3.6 atom-% 
u (ibo 1 \s far as is known, uranium can be incorporated only to a small extent in the 

1 rvst il lani<e of other metals. Thus bismuth, chromium, and copper can take up no 
nr u.'u.m at all to form mixed crystals. The solvent power of molybdenum, tungsten, and 
thorium for uranium is also very small. Mercury dissolves less than o.oi atom- „ of uranium 

at tM . and i.i*, atom-'’o at 350"". .. ui a 

\mong the intermctallic compounds of uranium, DBi is isotypic with sodium chloride 
L’Co has a more complicated, body-centered cubic structure. UAlj, UMn, UFe^. and 
rc:o. form Laves-phases of the MgCu, type, whereas UNi, forms one of the MgZn, type 
I n '2 0 rryslallizcs hexagonaL like CJNij, but has a diiTercnl struclurc. UAlj 

'.na r'sn crystalli/.<- with the cubic CaSn^ structure (cf. \'ol. I). UHg, forms a hexagonal 
strut tun-'cHg, a rather complicated crystal lattice, related to the body-centered cubic 
,v .»- r\i tiKl VCu, (isotypic with IMBc^and AuBcs) have a face-centered cubic structure, 
related 'toU.at of the MgCu^ type. The compounds U,Mn. U,Fc, U,Co and U^Ni form a 

s. ries of isotypic body-centered tetragonal structun*s. 

I ibh .! I provides a conspectus of the line structure of the binary compounds of uranium 
u.th* non-metals. In addition to the modification shown in Table 2 1 . there arc several other 
forms of UOa- I he structure of these forms has not been worked out. however. 

■fable 22 records the heals of formation and \hc free erurgies ofa series of uranium compounds, 
fhesi- values relate to the formation of the compounds from the elements in their standard 
states at 2*, In the case of uranium trioxide hydrate alone, the heat of reaction is for the 

formation from UOj and 

(i) l-ramum hydride, UH,. Massive uranium metal reacts directly with hydrogen at 
t« mperatures above about -230" (Driggs, 1929. Spedding 1943 and later), being changed 
into a black very finely divided powder of uranium hydride, UMj, which has an appreciable 
dissociation pressure of hydrogen at higher temperatures. Equilibrium pressures ofhydrogen 
over a mixture of metallic uranium and uranium hydride arc at 200^ 0.6 mm; 3oo^ 

2 i B mm 400 345 mm; and 436", 760 mm. Uranium hydride has semi-metallic properties 

and is an electrical conductor. Its crystal structure is cubic (a = 6.632 A), and quite 
distinct from that of uranium itself. It is thus a definite compound, and not a hydride of the 
interstitial type (cf. p. 45). Us density is 11.4. and heat of formation 30.4 kcal per mol. 
fhe finely divided hydride is highly reactive, and combines not only with oxygen (to form 
uranium oxides), but also with the halogens, and with nitrogen at slightly elevated temper¬ 
atures, It also reacts at 200-400" with water vapor, HjS, PH3, the halogen hydrides etc., 
to give the oxides, sulfides, phosphides, lower halides, etc. of uranium. The formation and 
del omposition of uranium hydride provides a convenient means of preparing pyrophoric 
and highly reactive uranium metal. 

Above the decomposition temperature of UH3, uranium can take up a certain 
amount of hydrogen in solid solution, a-uranium can dissolve only minimal 
amounts— less than iron, for example. The solubility of hydrogen in and 
; -uranium is rather greater, and it is quite considerable in the molten metal. 


(ii) Fluorides. Uranium combines with fluorine to form fluorides from all the valence 
States between (VI) and (III). 

(fi) Uranium hexafluoride, UF,. is formed by the direct action of excess fluorine upon 
metallic uranium, or upon uranium tctrafluoride, UF,. It can also be prepared by the action 
of fluorine on healed uranium carbide, UCj. or on UCI5. It is a colorless volatile compound, 
forming orthorhombic crystals which sublime at 56.5" without melting (melting point 
64.05 under 1134 mm pressure); the density of the solid at the melting point is about 4.8, 
and that of the liquid 3.62. the increase of volume upon liquefaction being unusually great. 
Fhe crystals of the compound are made up of UF, molecules, in which the 6 F atoms are 
arranged about the U atom in the form of a somewhat distorted octahedron (Hoard, 1944). 
In the gaseous state, the UF, molecules are quite undistorted regular octahedra (Bauer, 
1943, Smyth 1944). The dipole moment of UF, in the gaseous state is therefore prac¬ 
tically zero. Uranium hexafluoride is very hygroscopic and highly reactive. It is hydrolyzed 
by water to uranyl fluoride, UOjFj, and is readily reduced to the tctrafluoride, UF4. 
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TABLE 21 

CRYSTAL STRUCTURES OF BINARY COMPOUNDS OF URANIUM WITH NON-METALS 


C^ompounds 

Structure 

Edge lengths of the 
unit cell, A 

a b e 

Formula 
weights per 
unit cell 

Density, 

X-ray 

Borides 

UB, 

tetragonal 

707 3*97 

4 

9-425 

UB,, 

cubic 

7.47 — — 

4 

5-854 

Carbides 

UC 

cubic, NaCI type 

4-95 — — 

4 

‘3-65 

uc. 

tetragonal face- 
centered, related 
to CaCj type 

3 - 5>7 — 5-987 

2 

11.68 


Silicides 


U,Si 

tetragonal face- 
centered 

6.02 

_1 

8.68 

4 

15-58 

U,Si, 

tetragonal 

7 - 3«5 


3-982 

2 

12.20 

USi 

orthorhombic 

5-65 

7-65 

3-90 

4 

10.40 

a-USi, 

tetragonal face- 
centered 

3-97 


» 3 - 7 ‘ 

4 

8.98 

/i-USii 

hexagonal 

385 


4.06 

1 

9-25 

USi, 

cubic 

4.03 






Nitrides 

UN cubic, NaCl type 4.880 — — 4 I 4 * 3 * 

UjNj cubic, Sc, 0 , type 10.67 — — 16 11.24 

UNj cubic, CaF, type 5.31 — — 4 **‘73 


Phosphide 

arsenides 


UP 

U,As 

UAs 

cubic, NaCI type 
different from UAs 
and UO, 
cubic, NaCI type 

5-59 

5-77 

— 


4 

4 

10.23 

10.77 

Oxides 

UO 

cubic, NaCI type 

4-92 



4 

14.1 

UO, 

cubic, CaF, type 

5-458 



4 

10.97 

U4O. 

cubic, based on 
CaF, type 

5-430 



6 

11.2 

u.o. 

orthorhomic 

8.27 

3 *-65 

6.72 

16 

8.35 

u,o. 

orthorhombic 

6.703 

U.94 

4.140 

2 

8.39 

a-UO, 

hex^onal 

3-963 


4.16 

I 

8-34 


{Continued) 
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table 2 1 


{Contimad) 


CRYSTAL STRUCTURES OF 


BINARY COMPOUNDS OF URANIUM WITH NON-METALS 


Compounds 

Structure 

Edge lengths of the 
unit cell, A 

a b c 

Formula 
weights per 
unit cell 

Densit>, 

X-rav 

9 

Sulphides 

US 

cubic, NaCl type 

5-473 



4 

JO.87 

a-US, 

orthorhombic, re¬ 
lated to SbjSj 
type 

tetragonal 

10.63 

10.25 

* 0.39 

3.88 

6.30 

1 

8 

10 

7.^4. 


orthorhombic, iso¬ 
typic with ThS, 

4.22 

7.08 

8-45 

4 

7*90 

Hydride 

UH, 

cubic, U atoms as 
in /^-\V 

6.631 



8 

to.92 

Fluorides 

UF, 

hexagonal, 

LaF, type 

4.138 


7-333 

6 

8-95 

UF, 

triclinic (pseudo¬ 
monoclinic), 
ThF, type 

12.79 

10.72 

8.39 

12 

6.70 

o-UF, 

tetragonal chain 
structure 

a 

6.512 

= 126'' 

4-463 

2 

5.81 

^-UF, 

tetragonal network 
structure 

' 1-45 

_ 

5.198 

8 

6.45 

UF, 

orthorhombic mo¬ 
lecular lattice 

9.900 

8.962 

5.270 

4 

5 -o6 

Chlorides 

UCl, 

hexagonal, 

La(OH), type 

7.428 


4.312 

2 

5.51 

UCl, 

tetragonal 

8.30 


7.49 

4 

4.87 

UCl, 

hexagonal, mo¬ 
lecular lattice 

10.90 

— 

6.03 

3 

3-59 

Bromides and 
Iodides 

UBr, 

r 

hexagonal, 

La(OH), type 

7.926 


4.432 

2 

6.53 


ui, 


orthorhombic, 
Lai, type 


13-98 


9.99 


6.76 


4-33 
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TABLE 22 

ATS OF FORMATION, —AND FREE ENERGIES OF FORMATION, —JFtsb. OF URANIUM COMPOUNDS AT 25®, 

IN KCAL PER 0 ATOM OF URANIUM 
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(li) Uranium /»('n<ay 7 uori</<r, UF^, and intermediate fluorides. Ruff and Hcin^eImann (19c n 
found that the reaction of uranium pentachloride with anhydrous hydrogen fluoride yielded 
uranium pentajiuoride: 

UCI5 + 5HF = UFj + 3HCI. 


The same product can be obtained by reaction between UF^ and UF^at 125® (Grosse, 1941 >, 
but in this reaction at least two other intermediate fluorides may also be formed, with the 
compositions U2FJ (= UF5 - UF^) and U4F,, (= UF5 • 3UF4), respectively. UFj is a color¬ 
less compound, existing in two modifications, both tetragonal, with a transition [)oint at 
125°. UjFj is cubic, and U4F,, is a black compound of unknown structure. .\t 300’', tin* 
dissociation pressures of UFg are approximately 200 mm ov er UF^, 8 mm over U.Fg. and 
1.5 mm over U4F,,. 

(y) Uranium Ulrafiuoride is formed in the reaction of metallic uranium with fluorine 
(Ruff), but is readily fluorinated further. It can be obtained as a hydrate (with 2.^H,0 or 
I HjO) by precipitation from uranium(IV) solutions with .'luoride ions, or by the reaction 
of uranium dioxide with hydrogen fluoride gas at elevated temperatures. The hydrated 
tetrafluoridc can be dehydrated to anhydrous UF4. but readily undergoes partial hydrolysis 
to UO2, and oxidation, if heated in the presence of moisture. Uranium tetrafluoridc forms 
green triclinic (pscudo-monoclinic) crystals, which are insoluble in water (m.p. 960', 
density 6.70). The heat of formation is 446 kcal per mol. It is not very reactive, but can be 
reduced by dry hydrogen at 1000® to UFg. Double fluorides—e.g., NaUF^, Na^UF^, 
Na,UF,, KUjF*—are formed from melts of UF, with the fluorides of the alkali and alkaline 
earth metals (Zachariasen, 1948). 

(d) Uranium irijiuoride, UF3, is formed by reducing UF4 with hydrogen, but can be 
prepared in the pure state by this means only if the uranium tetrafluoridc employed is 
completely free from oxygen. (Skinner, J944). It is also formed by the action of metallic 
uranium on UF4, at high temperatures. The reaction 3UF4 -f- U ^ 4UF3 is reversible, 
and proceeds from right to left if the temperature is raised much above 1000®, since UF4 
sublimes out of the system. UFg forms deep violet-red crystals, which are insoluble in 
water and in dilute non-oxidizing acids. It has the same hexagonal crystal structure as is 
found in the fluorides of the rare earth metals. 

(mi) Chlorides. When uranium burns in chlorine, a mixture of uranium tetrachloride, UCI4, 
and uranium pentachloride, UCI5, is obtained. The chloride of -1-6 uranium has only recently 
been isolated. 


(a) Uranium hexachloride, UCI#, can be prepared by the thermal decomposition of the 
pentachloride: 


2UCU = UCI4 -F UCIj 


or by volatilization of lower chlorides in chlorine. It is a volatile compound, with a vapor 
pressure of about 2 mm at 140®, and can be purified by sublimation in chlorine. It then 
forms dark green-black needles, which decompose and melt at about 177°. The heat of 
formation is 272 kcal per mol. 

(^) Uranium pentachloride, UCI4, was obtained by Roscoe (1874) as a by-product in the 
preparation of UCI4, but was first prepared in the pure slate by Ruff (1911). It is formed by 
the action of chlorine on UCI4 at 520®, or by the reaction of UO3 with liquid CCI4, under 
pressure, at 100-250®. It exists as red-black crystals, with a green reflex (density 3.81, heat 
of formation 262 kcal per mol.). The molecular weight in CCI4 solution agrees with the 
dimeric formula UjCIiq. Uranium pentachloride is a reactive compound, and readily 
loses chlorine even at ordinary temperature. 

(y) Uranium tetrachloride, UCI4, can be prepared by a variety of methods—e.g., by the 
action of chlorine on a mixture of uranium dioxide and carbon at a dull red heat (Peligot, 
1842), or by the liquid-phase chlorination of UOj with CCI4 at 115-180®. UCI5 is formed 
initially in the latter reaction, and is decomposed by further heating. Uranium tetra¬ 
chloride forms dark green tetragonal crystals of octahedral habit {a = 8.296, e = 7.487 A). 
The heat of formation is 251 kcal per mol, m.p. 590®, b.p. 792®. It dissolv.es in water with 
the evolution of much heat, giving a green solution in which it is extensively hydrolyzed. 
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\t low temDcraturcs UCl. adds on up to la molecules of NH, per molecule UGl4; this is 
^i v!n up r"ag« when .he compounds are degraded isobarically. The 5-ammon.a,e „ 

Stable at ordinar>- temperature. ^ 

t raa.am irichlorid, is formed by reducing the tetrachloride Jiydrogen « 575 
(Peligol, .84a) . or by the action of hydrogen chlor.de gas on uran.um 
cd, hygroscopic needles, which dissolve in water to give a purple 
evolves hydrogen, and rapidly reverts to the green color characteristic of uran.um(IV). 

(ie) Bromida. The highest bromide of uranium is UBr., which closely resembles UCl, in 
US properties and in the reactions whereby it may be prepared. Uranium tnbromidc, UBr,. 

corresponds closely to UCl,. 

(c) Cramum utraiodide is much less stable than the chloride or bromide, and the dissocia- 
non pressure of iodine in the equilibrium UI, ^ UI, + il. becomes 

temperatures. Mixed halides of uranium(IV) have been prepared—c.g., UClh„ UtJr.l,. 

(ril Uranium Sulfides. Uranium dimljide. US,, can be prepared by the direct combination 
of uranium with sulfur, by reaction between UCl, and hydrogen sulfide at 500 , or by the 
iction of hydrogen sulfide on a mixture of uranium dioxide and carbon at 1200 . It forms 
grey-black lustrous tetragonal crystals of density 7.96. It is slowly attacked by water, more 
readily by hydrochloric acid, and very rapidly by nitric acid. According to Biltz (1940), it is 
converted to uranium IriwIJide, US,, by heating it under pressure with sulfur. Diumn.um 
truuijide. U,S,, is formed by (he reduction of US, with hydrogen, by the thermal decomposi¬ 
tion of US, in a vacuum at 1600°. or by the reaction of uranium metal with the calculated 
.mount of sulfur or hydrogen sulfide. U,S, is orthorhombic and its 

that of Sb,S, (Brewer. 1948). A lower sulfide US (or possibly U4S3,— cf. Biltz, 940) can 
b<- obtained by the direct union of the calculated quantities of uraniurn and sulfur. This 
phase, which may exist over a range of composition, is quasi-metalhc and cubic, having the 
NaCI structure. It is isomorphous with ThS and CcS. 


Uranium Xilrides. Uranium combines with nitrogen to form the compounds 
UN, UiN,, and UN,. The mononilride (light grey powder) is the most stable; it 
can be heated to over 1900® in a vacuum without decomposition. U,N, begins to 
lose nitrogen in a vacuum at 750®. whereas UN, can only be obtained under 
pressure of nitrogen. In UN the uranium atoms lie on a face-centered cubic 
lattice; the same is probably true of the nitrogen atoms, so that a crystal lattice of 
NaCl type is formed. U,N, crystallizes with the Sc, 0 , structure (Tare earth type 
C' structure), and UN, with the fluorite structure. The sesquinitride can be 
converted continuously into the dinitridc by uptake of nitrogen, as is under¬ 
standable from the relation between the Sc, 0 , and CaF, type structures, ex¬ 
plained on p. 37-8. For cell dimensions, see Table 21. 

{viii) Uranium Oxides. Uranium functions principally as a 4-or 6-vaIent element 
in its compounds with oxygen, forming a brown-black dioxide, UO, and an orange 
irioxide, UO,. In addition, it forms at least two intermediate oxides—/nuranooci- 
oxide, U,Oi (the most stable of the uranium oxides), and 0,0* (obtained by the 
oxidation of UO,). 0 , 0 , is to be regarded as a double oxide of UO, with cither 
UO, (U, 0 , = U''' 0 „sU''‘ 0 ,) or U.O, (U, 0 , - U% 0 „U’^ 0 ,) (cf. p. 200). 
Uranium is found in Nature in secondary ore deposits largely in the form ofU, 0 ,. 

(a) The monoxide, UO, which has the sodium chloride structure, has also been 
unambiguously identified by X-ray methods. This compound is exceedingly 
difficult to obtain pure, and has indeed probably never been obtained as a bulk 
specimen. It is formed as a surface layer on metallic uranium by carefully con¬ 
trolled oxidation—e.g., by superficially oxidizing the metal to UO, and annealing 
the sample in a vacuum, but is only observed under specified conditions. A similar 
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oxide (ThO) is formed on the surface of thorium; this has also not been isolated in 
weighable amounts. 

(^) The dioxide, UOj, can take up an excess of oxygen in its cr>stal lattice, without ain 
change of cr>'stal structure. It is oxidized to a limiting composition of about at 

temperaures below 200°. The cell dimensions contract with increasing oxygen content, and 
it has been shown from the accompanying increase in density that the excess oxygen must be 
pre sent in interstitial positions in the cr>'stal lattice. 1 he cubic phase of variable composition. 

UOj, is not stable at high temperaures. but breaks up into a well defined intermediate 
oxide U^Oj + either UOj.© or UjOg. according to the total composition. UjO# has a 
structure derived from the CaFj-lype structure of UOj, with one additional oxygen 
atom per unit cell in an interstitial position. Two other intermediate oxides have also been 
observed in the oxidation of UOj. These have tetragonal structures, derived from that of 
UO5 by slight distortion, and their compositions approximate UjgOj, and UigOa*. re¬ 
spectively (compare intermediate oxides in the molybdenum and tungsten oxide systems) 
(Perio I 952 “o 3 * Anderson I 953 ~ 54 )- 1 * 's not entirely certain whether the homogeneity 
range of UOj extends to lower oxygen contents also; Zachariasen (1945) observed a cubic 
phase believed to have the composition UO,.,s (=• U4O7). 

According to work of Rundle (1944), the phase UOz.j is probably to be con¬ 
sidered as a definite compound, Uj-Oj, although its crystal structure differs only 
very little from that of UjOg; it is stated to undergo a continuous transformation 
to UjOg by upstake of oxygen. 

(y) Uranium trioxide, UOj, is obtained as an orange or brick red powder by 
the cautious heating of uranyl nitrate, ammonium uranyl carbonate, or ammonium 
uranate. The purest product is prepared by heating uranyl peroxide dihydrate to 
400® in a stream of oxygen. When more strongly heated, uranium trioxide loses 
oxygen and is converted into UjOg. Uranium trioxide has the formal semblance of 
an amphoteric oxide, since it reacts with acids to form uranyl salts, and with basic 
oxides to form uranates; according to the most recent work (Zachariasen 1949), 
however, the uranates are not salts based upon a ‘uranate’ radical, but are of the 
nature of double oxides. 

Uranium trioxide is converted to the hydrates UO, • HjO (uranyl hydroxide, U02(0H)2 
or ‘uranic acid’) and UO3 • 2HjO by boiling it with water. Both hydrates are yellow in 
color, and exist in several crystalline modifications, but are generally amorphous in 
appearance. 

Hiittig (1922) found that two further hydrates appear as definite stages in the 
isobaric degradation of these hydrates—namely UO, • vHjO and UO3 • ^HjO. 
UO3 • 2H2O initially loses water continuously until it reaches the composition 
UOj • iJHjO; a further is then lost at constant temperature. With further 

increase of temperature, the hydrate UO3 • H2O loses another iHjO continuously. 
The hemihydrate is finally converted at constant temperature into the anhydrous 
oxide. 

( 5 ) Uranium dioxide is obtained in the form of a brown to black powder (density 
10.95, tri-P- well above 2500®) when uranium trioxide or UjOg is reduced in 
hydrogen. It is practically insoluble in water and alkalis.. Except in nitric acid, 
which oxidizes it to form uranyl nitrate, it dissolves only with difficulty in acids, 
producing uranium(IV) salts. It is converted to UgOg when it is heated in air. 
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Uranium dioxide crystallizes cubic, with the CaF. structure, 

With I hO, in all proportions. Selwood (1951) and Dawson (1951) have shown that the 
maKnetic properties of dilute solid solutions of UO, in ThO, accord with the pm only 
susc^tibility for two unpaired valence electrons in the U + ion. In UO^ itself (as m the 
oxidw of other paramagnetic metallic ions) the paramagnetic ions arc not magnetically 
dilute', and interaction effects between ions interfere with the unambiguous measurement 
of magnetic moments (cf. Haraldsen. 1940). 


(f) L'ranium{iy, VI) oxide, UjOh, is formed when either the dioxxde or the 
trioxide is ignited in air, or by the ignition of ammonium uranate or the uranyl 
salts of volatile acids (e.g., uranyl nitrate). It begins to lose oxygen when it is 
heated to high temperatures (above 900® in air, perceptibly at 600® in a vacuum), 
forming U40«rather than pureUO*. It is completely reduced toUO,by hydrogen 
or carbon monoxide. 

UjOfl is dark green to black in color and has a density of 8.30. It is orthorhombic in 
c rystal structure, ci = 6.70, b = 11.94, f = 4 '4 A In its naturally occurring form. ^ 
pitchblende, the density of UjOs varies considerably, depending upon the purity. I he 
mineral is amorphous. 

Uranium trioxide is also obtained generally in amorphous form, but can exist in the 
crystalline state. At least three crystalline modifications have been described, differing in 
their X-ray diffraction patterns and in their color (orange, brick red, and yellow, re¬ 
spectively). The orange modification crystallizes with hexagonal symmetry (cf. Table 21) 
and according to Zachariasen has a structure in which there are - 0 -U- 0 -U- 0 -U- 0 -, 
etc. chains running parallel to thec-axis (distance U—O = 2.08 A). In pdition to these two 
O atoms which arc closely associated with the uranium, each U atom is surrounded by six 
other O-atoms (U—O distance = 2.39 A) which lie in sheets perpendicular to the ‘uranyl 

chains’. . , , -j . 

UOj has the properties of a base anhydride. UO3 is amphoteric. It dissolves m acids to 

form uranyl salts, and in caustic alkalis to form urana/rj (see p. 199). When UjOg is dissolved 
in acids, it forms a mixture of uranium(I V) salts and uranyl salts. This is commonly taken as 
evidence that it should be regarded as uranium(IV,VI) oxide, U‘''U'^jOa. However, 
Haraldsen (1940. see also Dawson and Lister, 1950) found that the magnetic properties of 
UjOg did not accord well with this formulation. The magnetic moment was found to be 
1.39 Bohr magnetons, which is considerably smaller than the moment calculated for 
U'vU'^^Og (= 1.63 Bohr magnetons), but close to that expected for U'^jU'^Og {= 1.42). 
On this basis, UaOg should be considered to be uranium(V,VI) oxide. According to 
Zachariasen (1944) and Rundle (1944-45), all the U atoms in UjO, occupy equivalent 
positions in the crystal lattice, whereas one quarter of the oxygen atoms are arranged 
differently from the remainder. 

Uranium dioxide forms anomalous mixed crystals with a number of other metallic 
oxides in which the cations are of appropriate radius—e.g., with calcium oxide, and with 
rare earth oxides such as erbium oxide and yttrium oxide. The cubic forms of the rare 
earth oxides arc related in type to the CaFj-type structure of uranium dioxide. Thus UO, 
will incorporate up to about 40 mol-pcr cent YO^.s, or 45 mol-pcr cent CaO. The replace¬ 
ment of U*^ ions by ions of lower valence necessitates a corresponding omission of 0*“ ions, 
i.c.. the creation of vacancies in the anion lattice. The anomalous mixed crystals react with 
oxygen far more readily than does UO, itself; ions are converted to ions of higher 
valence (U*+ or U*'*’) while the oxygen vacancies are progressively filled up and possibly 
interstitial oxygen atoms introduced (Johnson, 1953, Anderson, 1953, Hund, 1952). Such 
anomalous mixed crystals have been described as mixed crystals between U3O3 and rare 
earth oxides, etc. However, they may be obtained with compositions corresponding to 
continuously variable average uranium valence numbers from 4 upwards, and no unique 
significance attaches to the average valence number exhibited by uranium in U30g 

(= 5 - 33 )- 
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(d) Uranates 

The compounds of uranium trioxide with basic oxides are known as uranates. 
The simplest uranates, (monouranates) correspond to the formula M'.^[U04], and 
are generally prepared by high temperature processes—e.g., by heating UaO» in 
fused metallic chlorides in the presence of air. The diuranates, M'2[U207], whicli 
correspond formally in composition to the dichromates are more comtnonlv 
formed, and are precipitated by adding the appropriate base to uranyl salt 
solutions. All uranates, including those of the alkali metals, are insoluljle in water. 
They are very readily hydrolyzed, however, the free base being leached out and 
uranyl hydroxide (i.e., UO3 hydrate) remaining. For this reason, much of the 
reported work on metal uranates is unreliable. 


(i) Sodium uranale or sodium diuranale, Na^UjO,, is obtained as a yellow precipitate of th<- 
hexahydrate when uranyl salts are treated with sodium hydroxide. It may be dehydrated by 
heating, and is used as a coloring matter {uranium yellow) for glass and procelain glazes. 


(i 7 ) Ammonium uranate. (NH4)2U207, is precipitated by ammonia from uranyl salt so¬ 
lutions as a yellow flocculent precipitate, practically insoluble in water, but readily soluble 
in ammonium carbonate solution. The compound provides a very convenient form for the 
precipitation of uranium in gravimetric analysis, but tends to become colloidal as the 
precipitate is washed. 


(Hi) Calcium uranale, CaUO^, is obtained in the form of yellow rhombohedral leaflets 
when UjOg is heated in fused calcium chloride. Zachariasen (>951) has shown from X*ray 
structure determinations that there is no anionic (UO,]"' radical present in this compound, 
or in BaUO^ and K2UO4, but rather cationic (U02]*’ groups. It is therefore likely that all 
the uranates should be formulated as double oxides, M^gfUQ^lOg.rather than as true salts, 
M'2[U04]. 


(it;) Uranium peroxide dihydrate and Peroxyuranales. If hydrogen peroxide is added to a 
concentrated solution of uranyl nitrate or uranyl acetate, a light yellow precipitate is 
obtained, which has the composition UO4 • 2H2O after drying at 100°. The compound 
furnishes 1 molecule of HjOg per atom of uranium when it is treated with dilute sulfuric 
acid, and is therefore generally assumed to be the dihydrate of a hypothetical uranium 
peroxide, UO4, which is derived from the trioxide. UOj, by replacement of an oxygen atom 
by a peroxy group. Since uranium trioxide has been shown to contain UO**'*’ radicals as 
structural units, the peroxide would thus be a uranyl peroxide, [U02](02). This constitution 
has not been conclusively proved, however, and the hydrated compound could alternatively be 
aperoxyhydrate-monohydrateof UO3, i.e.,U03-H202- H2O. It displays no acidic character, 
and the old name of ‘peruranic acid’ is incorrect. Peruranates cannot be obtained by the 
action of alkali on the peroxide dihydrate, but the joint action of alkalis and hydrogen 
peroxide does lead to the formation of peroxyuranales. These may also be obtained directly by 
the action of hydrogen peroxide and alkali hydroxide on uranyl compounds—e.g., the 
potassium salt K.4[UOj] • SHgOj (crystallizing with variable water content also), which was 
shown by Schwarz (1938) to be a monoperoxyuranate 6-peroxyhydrate. The compound 
UO4 • 2H2O loses water and oxygen when it is heated, and is thereby converted into UO3. 
This reaction is employed for the preparation of pure UO3. If the heating is carried out 
carefully, it is possible for only one half of the peroxidic oxygen to be lost, with the for¬ 
mation of anhydrous peroxide, UjO, (= OaUjO*) (Huttig, 1922, Kraus, 1942). This same 
peroxide can also be obtained by heating ammonium uranate in a stream of oxygen 
(Kraus, 1944). 


(e) Compounds of Uranium with Acid Radicals 

Compounds of +6 uranium with acid radicals are known in large numbers, 
and are for the most part definitely salt-like in nature. Almost all of them are 
derived from the positive, bivalent uranyl radical, [U02]*+. In many ways this 



5 


202 


SUB-GROUP 6 OF THE PERIODIC SYSTEM 


behaves like the elementary ion of a bivalent metal. Most uranyl salts have a 
distinct tendency to form double or complex salts (acido-salts). 


In the case of I-4 uranium, only the compounds formed with acids are kno^^m well 

defined form, and not those with alkalU. Uranium(IV) hydroxide is ^ 

not wholly, basic in character. The uranium(IV) salts arc much less stable than the uram- 

[ rivalLt urlilium is present in the readily prepared trihalidcs, UX,. Disulfatour^my/I) 
and, H [U (SO«),], is an example of a compound of trivalent uranmm with oxyacids. “ ^ 
prepared by Rosenheim, in the form of deep brown crystal leaflets, by adding sulfunc acid 
10 an icc-coldv clcctrolytically reduced solution of uranyl chloride. 


(f) Uranyl Salts 

I he uranyl salts correspond to the general formula UOjXj (X = univalent 
acid radical). They generally crystallize well, and most of them are soluble in 
water. As a rule they are yellow in color, with a yellow-green fluorescence, the 
absorption spectrum and fluorescence spectrum being characteristic of the 
group. The commonest uranium compounds of commerce are uranyl nitrate, 
UOj(NOj)j ■ 6HjO, and uranyl acetate, U0,(CjH302)i * 2HjO. 

(i) Uranyl chloride, UOaClj. {m.p. 578") can be obtained anhydrous by the action of 
chlorine on uranium dioxide at 500'', or by the reaction of oxygen with uranium tetra¬ 
chloride at 300®: 

UOj + Ch = UOjCl,; UCI4 -H Oj = UO,Cl, -H Cl*. 

A trihydrate, UO^CIj sHjO, crystallizes in yellow-green birefringent needles from a 
solution of uranium trioxide in hydrochloric acid. The monohydrate, UOjClj • HjO, is 
obtained by drying the trihydrate in a desiccator over phosphorus pentoxide. Uranyl 
chloride is very soluble in water, in which it is perceptibly hydrolyzed. It combines with 
alkali chlorides, and with the chlorides of organic bases, to form double salts of the type 
M'jlUOjCb] (dioxotetrachlorouranate(VI) salts). Uranyl fluoride, UOjF,, also tends to 
form double salts with alkali fluorides, those of the type M'3[UO,Fj] probably being the 

most stable. . 

At low temperatures, UOjClj forms addition compounds with up to loNHj (bpacu, 
1936). Ammonialcs with 5, 4, 3, 2 and i NH3 arc obtained during the progressive degra¬ 
dation of this compound. 

(11) Uranyl nitrate is obtained when the oxides of uranium are dissolved in nitric 
acid. It crystallizes from concentrated solutions as the hexahydrate, U0t(N03)j • 
6 H, 0 , a deliquescent lemon yellow material with a yellow green fluorescence 
(m.p. 59.5°). Uranyl nitrate hexahydrate is freely soluble in water, alcohol, and 
ether, and can be recrystallized well. 100 g of water dissolve 127 g of the anhydrous 
salt at 2i“. A dihydrate, which melts at 179*^, crystallizes from solutions of uranyl 
nitrate in concentrated nitric acid. The anhydrous nitrate can also be prepared. 

Uranyl nitrate combines with alkali nitrates, forming complex salts of the type 
M‘[U0,(N03)3), which crystallize anhydrous, but are very hygroscopic. 

(lii) Uranyl acetaU, UO,(C,HaO,)2 ■ 2HaO, can be prepared by dissolving 
uranyl hydroxide or uranium trioxide in acetic acid. Since the uranium trioxidc 
used for this purpose is prepared by heating uranyl nitrate, the commercial salt is 
often contaminated with nitrate. Uranyl acetate crystallizes from solution as the 
dihydrate, in rhombic prisms with a strong fluorescence. It can be dehydrated by 
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heating to iio , and decomposes at 275', leaving a residue of uranium trioxide. 
It is relatively sparingly soluble in water (7-69 g of the dihvdrate in 100 g of water 
at 15*)* A basic salt separates from the solution on prolonged standing, as a result 
of hydrolysis. 

Uranyl acetate has a tendency to add on an additional acetate group, to form 
the (weakly complexed) anion [U03{C2H302)3]-. It therefore readily forms com¬ 
plex salts with other acetates. Of these, the salts of the types M'[U02(C2H303)3| 
and M'M"[U02(C2H30 j)j] 3 are noteworthy for their e.xcellent crystallizing 
px)wer and strong greenish fluorescence. Formation of the sodium salt 
Na[U0t(CjH302)3], which crystallizes in letrahedra, is widely used as a test for 
sodium. The rather insoluble double salts NaZn[U0,(C^H302)3}3 ■ bH^O, and 
NaMg[U02(C2H30i)s]3 • gHjO, are also important in analysis. The former is 
widely used for the gravimetric determination of sodium. 

(iv) Uranyl carbonaU and CarbonatouranaUs. Pure uranyl carbonate, UOjCOj, occurs native 
(as ruthafordine) in East Africa, as an alteration product of pitchblende. The precipitates 
obtained by adding alkali carbonates to uranyl salt solutions are, however, generally 
inhomogeneous. The double- or complex salts derived from uranyl carbonate are, however, 
readily obtained pure. 

If a uranyl salt solution is treated with ammonia and ammonium carbonate in excess, or 
if freshly precipitated ammonium uranate is treated with ammonium carbonate, a clear 
yellow solution is obtained. The ccMuplex salt (NH4)4[U02(C03)3) • 2H2O (ammonium 
dioxotricarbonatouranate) separates from this solution in yellow monoclinic crystals upon 
evaporation (solubility about 5 g in too g of water at 5°). The double salt is decomposed by 
prolonged boiling with water, ammonium uranate being precipitated. Analogous soluble 
carbonato salts are formed with the other alkali metals. The calcium salt, Ca2(U02(C03)3]- 
loHjO, is found native as uranothalliU. 

The ability of uranium to form soluble carbonato salts provides a convenient method for 
separating uranium from iron, aluminum, etc., and the rare earth metals which generally 
accompany it in its ores. 

(») Uranyl sulfati, UO2SO4 • sHjO, separates in yellowish green crystals from the solution 
which is obtained when uranyl nitrate is fumed down with sulfuric acid, and taken up 
again with water. The crystals slowly effloresce in air, with partial loss of water. Uranyl 
sulfate is soluble in water (17.4 g of the anhydrous salt in 100 g of water). The hydrate can 
be completely dehydrated by heating to 175®. The anhydrous salt is amber colored, and (un¬ 
like the hydrate) not fluorescent.Conductivity measurements haveshown that complex ions. 
[U0|(S04)t]”, are present to some extent in uranyl sulfate solutions. Double or complex 
salts, chiefly of the types M',[U0j(S04),(H,0),] and M'4[U0,(S04),], can be isolated 
from solutions of uranyl sulfate to which alkali sulfates have been added. 

(vi) Uranyl sulfide, UOjS, is dej>osited as a brown precipitate, soluble in dilute acids 
(including acetic acid), when ammonium sulfide is added to a uranyl salt solution. When 
moist, it readily decomposes in air, forming uranyl hydroxide, UO,(OH),. Uranyl sulfide 
(uranium oxysulfide) prepared by dry methods forms black glistening needles, which are 
much more resistant to acids than the sulfide precipitated from solution. 


(g) Uramam(IV) Salts 

The composition of the simple uranium(IV) salts conforms to the general formula UX4. 
They are almost all green in color, and readily soluble in water. The oxalate, however, is 
practically insoluble in water and in acids; it is also quite stable, whereas the soluble 
uranium(IV) salts, which are hydrolyzed to a considerable extent in solution, have a strong 
tendency to be oxidized. Alkali hydroxides or ammonia give a voluminous red-brown 
precipitate of uranium(IV) hydroxide with uranium(IV) salt solutions; this is also very 
readily oxidized. 

Uramum(IV) salts can be prepared, in general, by the reduction of the corresponding 
uranium(VI) salts (uranyl salts)—e.g., electrolytically, or with ‘nascent’ hydrogen. 



504 SUB-GROUP 6 OF THE PERIODIC SYSTEM 5 

Only in exceptional cases is it possible to prepare uranium(IV) ^ts by treating UO, 
wit° the corresponding acids. Uranium(IV) fluoride can be prepared tn the, way. but not 

''’',„“lt^rirtsTe‘m?th'lf fh:u‘rTnrn;(l^^^^^ have a sntaller tendency than the ujanyl 

sail to lorn, clearly defined complexes in solution. Urantum(IV) oxalate, however, has a 

very strong tendency for complex formation. , o i 

(0 Uranium{IV) Halidet. UF, has aUo a strong tendency to form complex «lts. Comply 
sal of the type M"UF.-e.g., BaUF.. PbUF.-can be obtatned by prec.p.tatton from 
aqueous solution; they h^e the LaF, structure. In addition to these, UF. forms numerom 
Xplexerwith the alkali fluorides. Thus by melting UF.with KF, the followtng compounds 
nry'be fortned , their existence has been P-jed by X-ray st^cturalstud.«^Zaehanasen, 
1048) • KaUF, (two forms), K,UF, (tnmorphous). KUF,, KU,Fp, KUsF,,, K.UeF„. K.,UF. 
can c rystallize with the CaF, structure (i.e., as Kv.Uy F with stattsucal d«trtbu..on of the 
cations) and with the AIB, structure, as well as m a third type of lower symmetry. Na,UF, 

" rci'i’gives complex salts which are mosUy of the types M- UCl. and M"UCI.; however, 
it forms t salt of the composition Ba.UCI, with barium chlonde. UBr. (m.p. 518 ) and UI. 
(m p lofi") which resemble the teu-achloride in their chenucal properbes, but are less 

stable, have little tendency to form complex halides. . „ . . 

(ii) Uranium(IV) sdfaU. If a solution of UO. or U.O, in concentrated su furre acid is 
mixed with alcohol, and exposed to sunlight or ultraviolet fight, urmiumyV) sul/alt, 
U SO.). ■ 4H,0, separates slowly in dark green rhombic plat« The df <>lv« ■» 

,0 give a solution wWch U clear at first, but soon become turbid, through the depMition of 
a basic sulfate. The octahydrate frequenUy crystallizes from solution in place of ^e tetra- 
hydrate, but is stable only below 19.5”. The soluWity of the tetrahydrate is: at 24,10.9 g; 
aTfia- 6.7 g of anhydrous salt in ,00 g of water. Corresponding figures for he octahydrate 
a e 11 3 g at .8“, and 58.2 g at 62” (at which temperature tt is metastable) The enn^- 
Tydrate, U(SO.). • 9H.O, can aUo be obtained. All the hydrates are isomorphous with the 

corresponding hydrates of thorium sulfate. 

(lii) U,amum(iy) oxclaU may be prepared by reducing uranyl salts oxalic acid in 

sunlight, or by precipitating uranium(IV) salt solutions ,«th ox^ic acid It CD^^Uiz^ in 
dark green cub« or prisms, is insoluble in water and dtlute acids but dtssolvK m ^^t 
oxalate solutions. It thereby forms complex salts (oxalatouranate{IV) salts) which dififer 
markedly in color from other uranium(IV) salts. Potassium tetraoxalatouranate, 
K [UiCjO*)!] • sHjO, which is very soluble in water, crystallizes m grey hexagonal plates. 
The barium salt, Ba,[U(C,0«)*] • 6H,0. forms red violet crystals. 


13. Analytical (Uranium) 

Uranium follows the course taken by iron in the usual systematic separation of 
the cations, and is precipitated by ammonium sulfide as the oxysulfide, UO,S, 
which is soluble in acids. Addition of ammonia or alkali hydroxide to uranyl salt 
solutions precipitates uranium as ammonium uranate or alkali uranatc, which can 
readily be separated from the oxide hydrates precipitated by the same reagents, 
since the uranate is soluble in ammonium carbonate. 

With potassium hcxacyanoferratc(n), uranyl salts give a brown precipitate of uranyl 
hexacyanoferrate{II), (UO,),[Fc(CN),]. This reaction is very semitive. It is also us^, as a 
drop reaction, for the detection of free hexacyanofeiTate(II) ions, in ‘feirocyanidc’ ti¬ 
trations. 

Uranium gives a yellow microcosmic salt bead in the oxidizing flame (p^c greenish 
yellow after cooling), and a green bead in the reducing flame. 

The micToanalytical detection of uranium can be effected by means of the double sodium 

uranyl acetate, Na[U0j(C,H30,)5]. 

Uranium is generally determined gravtnutricallv by precipitation as ammonium uranate 
by means of ammonia. This is subsequendy ignit^ in oxygen, or in air at 800®, and 
weighed as UjOg. 
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CHAPTER 6 


SEVENTH SUB-GROUP OF THE PERIODIC SYSTEM; 

MANGANESE GROUP 


Atomic Elements Symbols Atomic Densi- Melting Boiling Specific Valence 

numbers weights ties points points heats states 

25 Manganese 

43 Technetium 
75 Rhenium 

* Atomic weight of the isotope of longest known half-life. 


Mn 

54-94 

7.21 1247° 

Tc 

CO 

11.50 

Rc 

|86.22 

20.9 3150* 


2030'* 0.1214 1 , 11 ,III,IV, 

V, VI, VII 

VII 

— 0.0327 I, II, III, 

IV, V, VI. 
VII 


1. Introduction 

(a) General 

The seventh Sub-group of the Periodic System contains the elements manganese, 
technetium, and rhenium. No element of atomic number higher than that of uranium 
(92) occurs in Nature in substantial amounts, and the artifically prepared Irans’ 
uranic elements belong to the so-called actinide (or ^f) transition series, so that 
neptunium (atomic number 93) bears a horizontal relationship to uranium, but is 
not a homologue of rhenium. 

The principal member of group VIIB is manganese. Of its two homologues, 
the element of atomic number 43 is unstable, and docs not exist in Nature. It can be 
obtained, however, as a product of nuclear transmutation processes, and has been 
given the name of technetium (from ^ being the first new element to be 

prepared artificially (Segr^, 1937). Rhenium, the homologue of manganese with 
atomic number 75, which was discovered by Noddack and Tacke in I925> is a 
stable element, but belongs to the very rarest of the chemical elements. In the 
range of valence states that they can assume, technetium and rhenium resemble 
manganese, but are more closely related in other respects to their neighbors in the 
same periods—i.e., to molybdenum and ruthenium or tungsten and osmium, 
respectively. 

In accordance with its group number, manganese has a maximum oxidation 
state of seven, but also exists in numerous lower valence states. Valence states of 
two, four, and seven are the most common, but compounds of -1-3 and +6 manga¬ 
nese can also readily be obtained. As a rule, manganese forms compounds of 
normal composition only with elements of strongly electronegative character, and 
it may be inferred that in its normal compounds it generally bears a positive 
charge. The basic character of the hydroxides of manganese diminishes, and their 
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acidic character increases, in a very marked manner as the positive charge on the 
atom increases (cf. p. 212 etseq.). Almost all manganese compounds are colored— 
those of bivalent manganese weakly so (pale pink), but the rest mostly strongly, 
and in some cases (e.g., permanganates) the color is extraordinarily intense. 

The relationship between manganese and the elements of the seventh Main 
Group (the halogens) is very loose, and is most marked in the highest oxidation 
state. Thus manganese heptoxide, MoiO,, may be compared with chlorine 
heptoxide, GUO„ and permanganic acid, HMnO^, with perchloric acid, HCIO^. 
The relations are much closer between manganese and its horizontal neighbors 
in the same Period, chromium and iron. It shares with these elements the ability 
to form salts of the type M'jR'"04—i.e., the chromates, M^Cr04, manganates, 
M 2Mn04, and ferrates, M'2Fe04—and likewise forms insoluble oxides from its 
lower valence slates. The closest resemblance is found between manganese and its 
right hand neighbor, iron. This shows itself not only in their analytical reactions, 
but also in the almost invariable association of the two elements in their natural 
occurrence. 

From the standpoint of the Kossel theory, manganese has a maximum valence of seven, 
because it follows seven places after an inert gas (argon). It always functions as electropositive 
because it is not closely followed by aninertgas.so that a stable configuration cannot be built 
up by the acquisition of a small number of electrons. From the more modern standpoint, the 
electron configuration of the manganese atom is so that the‘outer’electron 

levels are completely different from those of the halogen atoms (m*n/>*), but the Mn^+and 
CP+ ions would both have the inert gas configuration. Quantum mechanical considerations 
indicate that manganese can form a set of tetrahedral bonds, and that the [MnO,]- ion is 
striedy comparable with the (CIO4] - ion if, as is very probable, the binding forces are quan¬ 
tum mechanical exchange forces. The binary compounds of the highest valence states of 
manganese are likely to be covalent, rather than ionic, in character. 

Even although rhenium displays, in general, the same valence states as manga¬ 
nese, it differs in a very characteristic manner in the marked predominance of the 
+ 7 state. This accords with the general rule that in the Sub-groups formed by the 
transition elements, the tendency to exercise the highest valences is much stronger 
for the heaviest elements than for the lighter elements. The tendency of rhenium 
to function in the heptapositivc state is so strong that it dominates the whole 
chemistry of rhenium. 

From the position of technetium in the Periodic System, it may be assumed that 
its chemical properties must resemble those of manganese and rhenium, but will 
be more closely allied to the latter. As yet, however, but little is known experi¬ 
mentally of its properties. 

The heats of formation of some simple compounds of manganese and rhenium are 
collected in Table 23. 


TABLE 23 

HEATS OF FORMATION OF MANGANESE AND RHENIUM COMPOUNDS 


MnO 

93 -> 

93 *» 

MnjO* 

336.5 

112.2 

MnjOa 

232-7 

116.4 

MnOi 

« 25-4 

> 25-4 

MnaO, 
ca. 165 
82 

ReOj RcjO^ 

82.5 297.5 kcal per mol of compound 

82.5 148.7 kcal per g atom of metal 

MnCIt 

Mnij 

MnS 

MnSe 

MnjNa 

ReS, 

112.7 

49.8 

44.6 

26.3 

57-8 

70.5 kcal per mol of compound 

112.7 

49.8 

44.6 

26.3 

11.6 

70.5 kcal per g atom of metal 
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(b) Alloys 

A brief survey of the behavior of manganese towards other metals, and towards 
non-metals which form alloy-like systems, is given by Table 24 (p.209). Rhenium 
is not included in the table since, except for those quoted in Table 17 (p. 124), 
onlv a few rhenium alloys have as yet been studied. 

A comparison of the data of Table 24 with those of Tables 16 and 17 will show that the 
behavior of manganese towards other metals in its broad features is substantially s^Jar to 
that of chromium. This similarity shows itself not only with respect to the miscibility with 
other metals and capacity for forming compounds, but also frequently in the existence of 
compounds of analogous composition in the corresponding systems. This is even true to 
some extent for the compounds with non-metals (C and Si). In other respects, however, a 
comparison of these tables shows some pronounced differences in behavior between manga¬ 
nese and chromium. I'hus, unlike chromium, manganese forms compounds with most of the 
heavy metals of the Main Groups of the Periodic Fable. Further points of difference emerge 
when the individual chromium and manganese alloy systems are compared with 
tiue regard to the lempcrature-dcpcndencc of the relations between the components as 
suiiunarizcd by the equilibrium diagrams. Fhc technically important systems Cr-Fe and 
Mn-Fc piovidc illustrations of this (cf. Figs. 40 and 42, on p. 266). Fables 17 and 24 record 
complete or almost complete miscibility between the components in the solid state for both 
systems, fhis statement is valid at temperatures which lie not very much below the melting 
point. In the system Cr-Fe, this miscibility persists upon cooling down to ordinary temper¬ 
ature. but in the system Mn-Fe, two fairly broad miscibility gaps appear on cooling. At 
500°, one of these extends from about 2 to 31 atom-^o Mn, and the other from about 48 to 
63 atom-^ Mn. The reason for this unmixing is that only the two y-modifications of manga¬ 
nese and iron arc (almost) completely miscible, a-iron, on the other hand, can form mixed 
crystals only with very small amounts of Mn, and a-Mn can incorporate Fc only to a 
limited extent. Hence the transformation of the y-modifications, which arc stable at high 
temperatures, into the a-modifications stable at lower temperatures (cf. pp. 211, 262), 
results in the creation of a wide miscibility gap at lower temperatures. The transition 
temperature of y-iron is lowered more and more as manganese is progressively added, so 
that y-Fc is stable even at 500* if the manganese content exceeds 31 atom-%. Hence a third 
region of homogeneity, consisting of solid solutions of Mn in y-iron, interposes itself in the 
miscibility gap between a-Fc crystals saturated with Mn (with about 2 atom-% Mn), and 
a-Mn crystals saturated with iron (with 37 atom-% or 63 atom-% Mn). (See Fig. 42, 
p. 266). At 500®, this third homogeneous range extends from 31 atom-% Mn to about 
48 atom-% Mn, the limit of solubility of y-Fc for Mn at that temperature. Since the ability 
to form mixed crystals is dependent upon the crystal structure, it is not surprising that the 
existence of Ihret modifications of manganese, stable at different temperatures, as compar^ 
with the one stable modification of chromium, should occasion substantial differences in 
the way the capacity to form mixed crystals varies with temperature. 


2« Manganese (Mn) 


(a) Occurrence 

Except for iron, manganese is the most abundant of the heavy metals. It is 
found in small amounts almost everywhere, but actual ores of manganese are 
v\ idely distributed. The most important of these is pyrolusiU, MnO^. It is found in 
vast quantities in Russia (Caucasus), India, West Africa (the Gold Coast), South 
Africa, and South America (Brazil and Chile). Other oxides of manganese which 
are important as ores are brauniU^ MnjOj, manganiu, MnO(OH), and kausmanmU, 
MngO*. The carbonate, MnCOs, mangaruse sfiar, is also of some importance as an 
ore. The ores of iron, the neighbor of manganese in the Periodic System, almost 
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always have a more or less considerable manganese content. Sidcrite (spathic iron 
ore) and brown hematite, in particular, arc often relatively rich in manganese. 
In certain countries (e.g., Germany), the manganiferous iron ores represent the 
principal source of manganese. 

Manganese is also present in minimal amounts in plants and in the animal body. It is an 
indispensable constituent, because of its catalytic role in the chemical processes which occur 
within the cell of the living organism. 

(b) History 

Pyrolusite. the dioxide of manganese, has been known since ancient times, and its use as 
•glass maker’s soap’ was then already known. It was considered to be a variety of magnetic 
oxide of iron (magnes). Pyrolusite, which is black and shows no magnetic forces, was termed 
‘the female lodcslonc’, by Pliny, to distinguish it from the brown magnetite. In medieval 
times a distinction was drawn between magnes or magnesia lapis (= magnetic iron ore) and 
magnesia or pseudomagnes, the false lodestone, (= pyrolusite). The German name *Braun- 
stein’ dates bark to the alchemist Basil Valentine, who gave this name to the (generally 
grey-black) mineral because of its property of giving brown glazes on earthenware. The 
glas.smakers, on the other hand, called it ‘glass-maker’s soap’, because of its property of 
decolorizing iron-containing glass, and altered its older name of magnes into manganes or 
lapis rnanganensis. probably to accord with the Greek (xotvYZviCeiv = to purify. 

Until about the middle of the i8th century it was held that pyrolusite was an iron ore, 
but it was eventually concluded that it must contain some other, as yet unknown metal. 
Clear proof that this was so was furnished by Scheele, in a treatise on pyrolusite laid before 
the Academy of .Sciences in Stockholm, in 1774. In the same year Gahn succeeded in 
isolating the ‘metal of pyrolusite’ as a rcgulus, by strongly heating a mixture of pyrolusite 
and charcoal. It then received the name manganesium. To avoid confusion with magnesium, 
which had been discovered in the meanwhile, this name was later altered to the German 
Mangan, or British (and French) manganese (latin manganium). 

(c) Preparation 

Metallic manganese can most simply be obtained from pyrolusite by the 
aluminothcrmic process. Since aluminum reacts too violently with pyrolusite 
itself, the latter is first converted to the red oxide of manganese, Mn^O^, by 
strong heating: 

3MnO, = MnjOi + O,. 

Determination of the loss in weight indicates when the expulsion of oxygen has 
proceeded far enough. The red manganese oxide is then mixed with aluminum 
and ignited: 

3Mnj04 - 1 - 8 A 1 = gMn -|- 4Al,Oj 4 - 602 kcal. 

It is advantageous to mix in slightly less than the theoretical quantity of aluminum. 
Slagging of the excess manganese oxide is facilitated by adding some fluorspar. 

The older process of preparation, i.e., the reduction of the oxide with carbon, is no 
longer of any importance for the preparation of manganese itself, since it furnishes a 
manganese which is more or less rich in carbon, which renders it useless for many purposes. 
However, the process is often used for iron-manganese alloys (ferromanganese and spiegeleiscn), 
in which the carbon content is not harmful. In such cases it is usual simply to add the 
manganese ore directly in appropriate amounts to the iron ore being smelted. 

(d) Properties 

Manganese resembles metallic iron in appearance, but i^ffers from iron in 
being hard and very brittle. It is silvery white, like iron, when it is pure, but is 
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grey, like cast iron, if it contains carbon. Its density (7.2) is also close to that of 
iron but its melting point (1247®) is much lower than that of pure iron. As prepared 
in a regulus, by the aluminothermic metliod, the metal takes a rather characteristic 
tarnish color in the air, but is not then oxidized any further even when it is heated. 
In a fine state of subdivision, howev’er, manganese is readily oxidized, and mas- 
even be pyrophoric. 


Finely divided manganese can decompose water, especially if ammonium chloride i.s 
added {to hinder the formation of insoluble Mn(OH)j). The normal potential of manganese 
in contact with manganese(II) salt solutions is +1.1 volt. Manganese is thus the most 
strongly electropositive metal after the alkalis, alkaline earth metals, rare earth metals and 
aluminum (cf. Vol. I, Table 4, p. 30). 

As prepared by the aluminothermic process, manganese is usually a mixture of two 
modifications, a- and /^-Mn, of which the former (density 7.21), is stable at ordinary temper¬ 
ature and the latter (density 7.29) at higher temperatures (between 742° and 1070®). Both 
are hard and brittle, and have complicated cubic crystal structures. Electrolytically 
deposited manganese, however, which is fairly soft and ductile, forms a face-centered 
tetragonal lattice a = 3.77 A, c = 3.53 A, Mn Mn = 2.67 A (y-Mn,density 7.21 .stable 
between 1070° and i i6o®). It gradually changes into brittle a-Mn. .Above J160®, a fourth 
modification, ( 5 -Mn, appears, as was shown by Grubc (1938). 

As corresponds with its position far above hydrogen in the electroclteniical 
series, manganese dissolves readily in dilute acids, forming the bivalent ion 
and liberating hydrogen: 

Mn + 2H-^ = Mn"^-*- -f Hj. 

It dissolves in concentrated sulfuric acid, with the evolution of sulfur dioxide*, 
and in nitric acid with the evolution of nitric oxide. 

Manganese burns in chlorine to the dichloride, MnCl*. It reacts very vigorously 
with fluorine, forming MnFj and MnF,. It catches fire in nitrogen above 1200®, 
and then burns with a very smoky flame to the nitride MnjNj. (In addition to 
this compound it forms two other nitrides—cf. Table 24, p. 209). It also inflames 
with phosphorus. It unites directly with sulfur, carbon, silicon, and boron also, 
but not with hydrogen. 

HeusUr's alloys. It was discovered by Heusler in 1898 that manganese formed alloys with 
many metals—c.g., with aluminum, tin, or antimony—which had JtTTomagneik properties, 
although they contained no ferromagnetic metal. The ferromagnetism of these alloys can be 
considerably augmented by the addition of copper. The ferromagnetism appears to be 
associated with the presence of certain intermetallic compounds in these alloys, but often 
attains its maximum value when these compounds are not present in the pure form, but 
in the form of mixed crystals. Alloys of chromium are also known which display ferro¬ 
magnetism. 

(e) Uses of Manganese and its Compounds 

The principal use of manganese is as a deoxidant for iron and steel. For this 
purpose it is used chiefly in the form of iron-manganese alloys {ferromanganese 
spiegeleisen). It is also used as a deoxidizing additive for other alloys also, and 
especially for bronzes (manganese bronzes). True alloys of manganese and copper 
also find applications. Manganin, an alloy of 84 parts copper, 12 parts manganese 

* Concentrated sulfuric acid attacks compact manganese only very slowly in the cold, 
but rapidly when it is heated. 
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and 4 parts nickel, is used for precision resisUnces, because of the very low temper¬ 
ature coefficient of its electrical conductivity, 

I'hc consumption of manganese ores (and highly manganiferous iron ores) in the steel 
industr>- is enormous. The use of manganese ores in other branches of industry ts insignifi- 
cant in comparison, although quite considerable in actual amount. . 

The world production of manganese ores (not including manganiferoi^ iron ore^ctc.) 
in 1936 amounted to 5.1 million tons, with a manganese content of 2.2 million tons. Of this 
production, 54.9% (based on the manganese content) came from Ru^ia, 18.9/0 from 
British India, from the Gold Coast, f«>m the Union of South Africa, 3.2 4 from 
Brazil and 0.64O0 from the United States. 

l*vrolusite is used in glass making as a decolorizing agent for glass which 
contains iron (glass maker’s soap). It is also used to give a violet color to glasses, 
and for brown glazes on earthenware and tiles, etc. Its use as an oxidizing agent 
in Leclanchc cells, and especially in dry cells, is important. It is also used in the 
production of varnishes as a ‘drying agent’, because it has the property of cata- 
lytically accelerating the oxidation (‘dr>’ing’) of linseed oil by atmospheric oxygen. 
It now occupies only an unimportant role in the chlorine industry (see the Weldon 

process, Vol. 1 , p. 779 ct seq.). 

I'he technically most important compounds of manganese are potassium per- 
matifinnate, KMnO* (generally referred to simply as ‘permanganate’), which finds a 
multiplicity of uses as an oxidant, bleaching agent, and disinfectant, and also 
man(ianese[n) chloride, MnCl2 and manganese{Il) sulfate, MnSOi. These and other 
manganese salts are used in dyeing and printing, and also as a growth stimulant 
for seed. Manganese compounds are said to have the property of stimulating 
certain plant ferments, which are of importance for the growth of the seed, into 
enhanced activity. Various manganese compounds, especially manganese(II) 
chloride, arc also used like manganese dioxide, for the preparation of siccatives 
(drying agents) for varnishes and paints. Many manganese compounds, especially 
the naturally occurring umbers, are used as artists’ pigments; the most important 
artificial pigments are manganese brown (mineral bister), and occasionally 
manganese white, MnCOj, manganese green (Kassel green) and manganese 
violet (permanent violet). 


3. Gompoimds of Manganese 

Manganese exhibits oxidation states of -}-1, -|-2, -I-3, -f* 4 > + 5 » +7 

its compounds. Oxides corresponding to most of these valence states exist. 

The lowest oxide, MnO, has a well defined basic character. The next higher 
oxide, MnjOa, is also basic, but the dioxide, MnOj, is amphoteric. The existence 
of manganese trioxide, MnOa, in the free state is doubtful. Compounds derived 
from this oxide, the manganates, M’j[Mn04], are salts, in which manganese is 
present within the acid radical. From the highest oxide of manganese, Mn^O,, is 
derived permanganic acid, HMnO*, which is one of the strongest acids known. 
The rule that the basic character of any element diminishes, and the acidic 
character increases, with increase in oxidation state, is thus particularly well 
exemplified by the oxides of manganese. 

The various oxides and hydroxides of manganese will first be considered together. 
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The individual oxides, and the oxidation states of manganese which they define, 
will then be discussed individually. 

As far as is known, the compounds of manganese with S, Se. and Te correspond in 
composition to the lower oxides of manganese. The compounds with the non-metals of the 
lllrd, IVth and Vth hlain Groups are quite unrelated in composition to the oxides of 
manganese or the manganese compounds of salt-like character. They are therefore listed in 
Table 24, p. 209, together w ith the intermetallic compounds of manganese, with which they 
may be compared in composition. 

The most important compounds of manganese are derived from Mn“, Mn*'’ 
and Mn'^. Mn™ and Mn'‘ can also be prepared readily, and it is now known 
that even manganese(V) compounds can be obtained quite easily in a pure state. 
Manganese(I) compounds are known in the form ofthecyano salts, M‘5[Mn(CN)eJ. 

(a) Oxides and Hydroxides 

The following simple oxides of manganese are known: 

MnO Ntanganese monoxide, manganese(II) oxide, green manganese oxide. 
Mn,Oj Manganese sequioxide, manganese(III) oxide, black manganese oxide. 
MnOj Manganese dioxide, manganese{IV) oxide, pyrolusite. 

[MnOa Manganese trioxide, manganesc(VI) oxide. The existence of this com¬ 
pound in the free state is doubtful.] 

MnjO? Manganese heptoxide, manganese(\'II) oxide. 

In addition to these compounds, an intermediate oxide Mn304 is known, which 
is called red manganese oxide, after its color. It crystallizes according to the spinel 
type (cf. Vol. I, p. 355), but the crystal lattice is distorted so as to be tetragonal 
(a = 5.-75 A, c = 9.42 A). It can be formally regarded as a manganese manganiie, 
Mn“2[Mn'''04]. Mn304 occurs native as (brilliant pyrolusite), generally 

in association with braunite but in larger quantities than the latter, from which it 
is not readily distinguished by its external properties. 

Of the two possible formulations Mn“,[Mn“04] and Mn“,[Mn>''04], permitted by 
the structure determination, the latter is the correct one, as Verwey and Dc Boer (1936) 
showed, from measurements of the X-ray scattering power of the manganese ions belonging 
to and not belonging to the MnO, radical, respectively (cf. Vol. I, p. 213). From the 
observation that like MnjOa, dissolves in many concentrated acids (e.g., phosphoric 

acid) with a violet color (i.e., forming Mn'*-++ ions), whereas MnOj is insoluble, it was 
formerly inferred that Mn^O, should be regarded as a compound of i MnO with i MogOj, 
rather ^an of 2 MnO with i MnO,. However, the formation of Mn+++ ions can be ex¬ 
plained as arising from the reduction of Mn++++ ion by Mn++ ions during dissolution, and 
it is not permissible to use the insolubility of MnO, as a basis for any conclusions about the 
solubility of compounds derived from it, but having different structures. 

MnO crystallizes cubic, with the rock salt structure (a = 4.43 A), and MnO, tetragonal, 
with the rutile structure (a — 4.40 A, e = 2.87 A). MnjO, usually crystallizes cubic, with 
the scandium oxide structure (cf. p. 37~®)* addition to the stable cubic modi¬ 
fication, (a-Mn,Og), an unstable tetragonal modification is ako known (cf. p. 214) In 
the structures of MnO, a-MnjO, and MnO„manganese has the same coordination number, 
six, with respect to oxygen. The distance Mn O is 2.21 A in the MnO structure, 2.00 to 
2.03 A in Mn, 0 „ and about 1.89 A in MnO,. It thus decreases as the charge on the 
manganese ion increases. 

According to Le Blanc (i934)> the oxides MnO, Mn304, and Mn, 0 , can take up an 
excess of oxygen in solid solution, up to the compositions MnOj.,, in the case of MnO, 



2,4 MANGANESE GROUP: SUB-GROUP 7 6 

Mn^O,.,, for Mn, 0 .. and up to Mn.O,.,, for Mn.O,. UnUkc PbO,. MnO, cannot give up 
any oxygen without the destruction of its crystal lattice. 

(i ) Manganese{II) oxide, MnO, is obtained in the form of a greenish grey to dark 
grren powder by the reduction of the higher oxides of manganese with hydrogen 
or carbon monoxide, or by igniting manganese carbonate in hydrogen or nitrogen. 
In the finely divided state it is oxidized very readily. It can be reduced only with 
difTiculty, however,—e.g., only at very high temperatures by hydrogen. Manga- 
ncsc(n) oxide is practically insoluble in water. The oxide is rarely found native, as 

rnanganosite. 

(iV) Manganesei/I) hydroxide, Mn(OH)„ is thrown down as a white precipitate 
which rapidly turns brown in air, when manganesc(II) salt solutions are treated 
with alkali hydroxides. It is only incompletely precipitated by ammonia, and may 
not be precipitated at all in the presence of ammonium salts. The reason for this is 
firstly that, as in the case of magnesium hydroxide, the concentration of hydroxyl 
ions under these conditions is only small in relation to the solubility product 
(Agp ^ [Mn^+] ■ [OH-]* = about lo"**). In addition, the concentration of 
manganese ions is significantly reduced through complex formation with the 
ammonia (Weitz, 1925). 

Manganesc(n) hydroxide is occasionally found in Naturc.in the form of white transparent 
leaflets of pyrochroiu. These also gradually turn brown upon oeposure to air. The brown 
coloration is due to oxidation, which can lead, through the intermediate oxides or their 
hydrates, to the ultimate formation of manganese dioxide. A variety of oxidation products 
of Mn{OH), has been obtained, with different structures and compositions; they are mostly 
non-Dai tonidc compounds. For example, a proportion of the OH“ ions of Mn(OH)j (which 
has a layer lattice structure) may be replac<^ by 0 *“ ions. The formation of such oxidation 
products involves typical topochemieal processes (Fcilknecht, 1944)' 

The crystal structure of manganese(II) hydroxide resembles that of magnesium hydroxide 
(brucitc), a = 3.34 A, c - 4.68 A, Mn 4-* O = 2.30 A. The heat offormationof Mn(OH), 
from MnO and liquid H |0 is about 4.2 kcal per mol. 

(mY) AIanganese{ni) oxide (manganese sesquioxide), Mn,Oj, occurs in Nature as 
braunile, in brownish black masses, generally accompanying other manganese ores. 
It is obtained artificially as a black amorphous powder by heating manganese 
dioxide in air at 530-940®, or by igniting manganese(II) salts in air or oxygen. 

MnjOs loses oxygen when it is heated above 940® in air, or above 1090® in 
oxygen, and is converted into the oxygen-poorcr mangancse(II,IV) oxide, 
Mn, 0 «. Provided that the latter has been heated sufficiently long, it does not take 
up oxygen again on cooling. This fact is of importance in the gravimetric determi¬ 
nation of manganese. 


If MujO, is prepared by cautious heating of MnO (or MnjOi which has not been de¬ 
activated by strong ignition) in oxygen (Lc Blanc, 1934). or by dehydrating MnO(OH) in a 
vacuum at 250® (Dubois, 1934), an unstable tetragonal modification is first obtained. 
This is converted monotropically into the stable cubic modification by prolonged heating. 
The cubic modification is obtained directly by the thermal decomposition of MnOj. The 
cubic a-Mn,Oj, as already stated, is isotypic with Sc^O,. Its cubic unit cell, containing 
i6Mn|0, (which thus corresponds to a cell built up from 8 unit cubes of fluorite), has an 
edge of 9,41 A. According to Verwey and De Boer (1936), the structure of the tetragonal 
/9-Mn,03 be described as a Mn,04 lattice, but containing a number of vacant positions 
to correspond with the smaller Mn content. Unlike Mn^O^, however, the Mn ions in this 
structure arc cither all trivalcnt or else, if Mn*'*' and Mn*'*' ions arc present) they must be 
distributed at random over all the positions. 
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When manganese(III) oxide is heated in hydrogen, it is first reduced to nianga- 

nese{II,IV) oxide, MnjO*, at about 230®, and this in turn to the green monoxide 
above 300®. 

Dissolution of manganese(III) oxide in acids cither produces manganesc{III) 
salts (cf. manganese{III) sulfate and inanganese{III) chloride), or leads to for¬ 
mation of manganese{II) salts and manganese dioxide, depending upon the nature 
of the acid and the temperature. 

The hydrate of manganese(III) oxide, MiuO, ■ H ,0 (or mangancse{III) 
metahydroxide, MnO(OH)), occurs native as rnanganite (brown manganese ore). 
It is black-brown, and occasionally is found in well formed crystals which are 
isomorphous with goethite, FeO(OH), and diasporc, AIO(OH). The hydrates 
obtained by precipitation from aqueous solution also correspond in composition 
to rnanganite after drying at 100°. 

(tr) Manganese Brown. .Artificially prepared manganese(III) oxide hydrate is used as a 
brown-black pigment (manganese brow'n, mineral bister). It is prepared by treating 
manganese(II) chloride solution with bleaching powder and lime water. The pigment is 
us^ iri cloth dyeing and printing, and for that purpose formed directly on the fiber by the 
oxidation of a fabric soaked in manganesc(II) chloride. A chestnut brown pigment, 
obtained by grinding and firing a naturally occurring mixture of manganese oxide hydrate 
with the hydrated oxides, of iron and aluminum, is known as umber. 

(y) Manganese dioxide^ MnOj, in the form of pyrolusitc, constitutes the most 
important ore of manganese. For crystal structure see p. 213. 

Several varieties of native manganese dioxide are recognized, according to their crystallo¬ 
graphic properties,— ■polianile, (= recognizably crystallized manganese dioxide), pyrolmite 
or soft manganese ore (manganese dioxide derived from other manganese minerals, and 
retaining their morphological structure), grey pyrolusitc (fine grained or quite dense), 
psilomelane (manganese dioxide in the form of dense nodules, and generally very impure), 
wad or bog manganese (also nodular, but loose), and manganese black (very finely divided and 
of sooty appearance). Recent investigations of artificial manganese dioxide have shown that 
at least three different structures may be formed, which are differentiated as a-, fi- and 
y-MnO, (Dubois 1936, Glemser, 1939, Walkley and Wadsley 1949). ^-MnOg has the 
structure of natural manganese dioxide (polianite). In y-MnO,, a proportion of the On¬ 
ions is replaced by OH- ions (with the simultaneous substitution of Mn*+ ion for Mn^+ 
ions). Preparations of y-MnO, also frequently contain foreign metals, replacing part of the 
Mn^+ ions (Feitknecht, 1944). 

Manganese dioxide is grey to grey black in color, both in its naturally occurring 
forms (except wad, which also occurs in brownish tones) and when prepared 
artifically in the anhydrous state (e.g., by the mild ignition of manganese(II) 
nitrate). Manganese dioxide begins to lose oxygen when heated above 530® in air, 
but loss of oxygen occurs at a considerably lower temperature in a vacuum or in the 
presence of reducing substances. 

Manganese dioxide is readily attacked by strong reducing agents in the presence 
of dilute acids, in spite of its extremely low solubility. With sulfurous acid it forms 
manganese(n) dithionate (i), and with hydrogen peroxide and sulfuric acid it 
gives manganese(II) sulfate and oxygen (2): 


MnO, -F 2H,S03 = MnSjOe -F 2H,0 
MnO, -F H, 0 , -F H,SO^ = MnSO* -F 2H,0 -F Oj 


(0 

(2) 
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Hydrogen peroxide is also decomposed in the absence of acids, but in this case 
only one half as much oxygen is evolved as in acid solution, since manganese 
dioxide is not reduced but merely acts catalytically: 

H.O, = H ,0 -f iO,. 

The evolution of oxygen from potassium chlorate is also catalytically accelerated 

by manganese dioxide (cf Vol. I, p. 806). 

The use of manganese dioxide as an oxidizing agent in Leclanche cells and dry 
batteries is based upon the ease with which it gives up its oxygen to other substan¬ 
ces. Manganese dioxide mixed with copper oxide is used for the catalytic com¬ 
bustion of carbon monoxide—e.g., in breathing and rescue apparatus (Vol. I. 

If concentrated hydrochloric acid is added to manganese dioxide, chlorine is 
evolved, especially on warming. This reaction is widely employed for the gener¬ 
ation of chlorine on a small scale. 

The mechanism of the reaction involves the initial formation of manganese tetrachloride, 
which readily decomposes into manganese trichloride and free chlorine. The trichloride 

also decomposes on warming: 

MnOj + 4HCI = MnCI| + aHjO 

MnCb = MnClj + iCI,; MnClj = MnClj + iCI,. 

Manganese dioxide is not attacked by cold concentrated sulfuric acid, but when 
it is warmed to iio®, oxygen is evolved and mangancse(III) sulfate is formed. 
Further evolution of oxygen takes place on stronger heating, and manganesc(III) 
sulfate is converted to the manganese(II) compound. 

(yi) Manganese dioxide hydrate is formed as a brown, or sometimes blackish 
precipitate by the oxidation of manganese salts, or by the reduction of manganates 
or permanganates in alkaline solution. The oxidation of manganese(II) salts to 
manganese dioxide hydrate can be carried out in alkaline solution—e.g., by 
bleaching powder or by atmospheric oxygen; sec p. 218 for the oxidation in acid 
solution. Manganese can be deposited eleclrolytically upon the anode, as man¬ 
ganese dioxide hydrate, from solutions rich in nitric acid. 

The products obtained from alkaline solution invariably conuin alkali (or alkaline earth). 
The preparation of pure manganese dioxide hydrate must therefore always be carried out 
from acid or neutral solutions. In this case, however, the oxygen content of the compound 
docs not as a rule correspond exactly to that required for a hydrate of the dioxide. It is 
doubtful whether manganese dioxide hydrate has a well defined water content—e.g., 
corresponding to the formula Mn(OH)4. 

Manganese dioxide hydrate is important because it is much more reactive than 
the anhydrous, grey manganese dioxide. It is therefore more suitable for use as an 
oxidant than natural pyrolusite—e.g., in the dyestuffs industry and in varnish 
manufacture. 

Alkali hydroxides and other bases are not merely adsorbed by manganese dioxide 
hydrate, but are bound chemically. Compounds of manganese dioxide with basic oxides 
have been obtained in a well crystallized state, and with stoichiomctrically well defined 
composition. Thus manganese dioxide hydrate displays in this respect the properties of an 
acid, even if a weak one. It salts arc known as manganites [cf. Feitknecht, Helv. Chim. Acta, 
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28 (1945). 129 149] On the other hand, manganese dioxide hydrate can also form salts 
with strong ac.ds, although these arc rather unstable because of the strong tendency of 
manpnesc to pass over to the bivalent state in acid solutions. Thus manganese dioxide is 
amphoteric in character, although it is so extremely insoluble that neither its acidic nor its 
basic character appears very strongly pronounced. 


{m() Manganese heptoxide and PermanganU acid. Manganese heptoxide. Mn.Q,, may 
be obtained by the action of concentrated sulfuric acid on potassium perrnant^a- 
nate: 

aKMnO, r H,SO, = K,SO, + .\fn, 0 , -4- H, 0 . 

It forms a dark, heavy oil. with a greenish brown luster (densit\' 2.4I. It is cjuite 
stable in dry air at ordinar\' temperature. It decomposes explosi\'ely into manga¬ 
nese dioxide and oxygen when it is warmed. 


Manganese heptoxide also decomposes when it is added to a small amount of water, 
because of the rise of temperature brought about by its considerable heat of solution (about 
12 kcal per mol. of Mn^OT). It dissolves without decomposition, however, in a large excess 
of cold water. The solution is violet, and has the same absorption spectrum as a per¬ 
manganate solution (cf. p. 229). From this it may be concluded that it contains per¬ 
manganate ions. MnO*-, formed by the process 

MnjO- -i- HjO = 2Mn04' r 

The permanganic acid which is thus present in solution in dissociated form cannot be isolated 
in the anhydrous state. The solution can be concentrated only up to a content of about 
20% HMnOj without decomposition occurring. Conductivity measurements have shown 
that permanganic acid is a very’ strong acid. It is almost completely dissociated in solution, 
the apparent degree of dissociation determined from conductivity coefficients being 93"o in 
0.1 molar solution at 25*. 


Permanganic acid is also formed by the reaction of lead dioxide on manganese 
salts, in the presence of concentrated sulfuric or nitric acid: 

2Mn''"^ -f sPbO, -r 4H’’ = aiMnO,- -F jPb'*’* -f 2H2O. 

This reaction is of importance in analysis, since even traces of manganese mav be 
detected from the intensive violet color of the Mn04“ ions. The test fails if Cl“ ions 
are present; this is because hydrochloric acid reduces permanganic acid, being 
oxidized to chlorine. 


Mn’*"*’ ions are very readily oxidized to MnO^" ions by pcroxymonophosphoric acid, 
HjPOj (Schmidlin, 1910). If a solution of pcroxymonophosphoric acid (free from hydrogen 
peroxide) is available, the detection of manganese by means of this reaction is more 
convenient than with PbOj and HNO3 or HJSO4. 

The oxidizing properties of permanganic acid are very powerful and free 
manganese heptoxide reacts even more vigorously; combustible substances are 
attacked by the latter, and inflame. However, the heptoxide dissolves without 
decomposition in acetic anhydride, forming a violet solution. 

(b) Manganese(Il) Salts 

The manganese(H) salts are derived from MnO, the lowest oxide of manganese, 
by replacing the oxygen by acid radicals. They are mostly pale pink in color, as 
also are their concentrated aqueous solutions which contain the Mn++ ion. 
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Ntangancsc(II) salts are quite stable in the dry state, and also in solutions con¬ 
taining excess acid. In alkaline solution, however, manganese(II) hydroxide is 
formed, and this has a strong tendency to become oxidized up to brown manganese 
dioxide hvdratc. 

Neutral mangancsc(II) salt solutions also gradually assume a brownish color, and 
ultimately a flocculcnt brown deposit forms. This is because mangancse(n) hydroxide is 
formed in traces in the solution, and is then oxidized by atmospheric oxygen to the cx- 
trem«ly insoluble manganese dioxide hydrate. It is not certain whether formation of 
mangancsc(II) hydroxide is due to a slight hydrolysis, or to the action of alkali dissolved 
out ot die glass. 

Powerful oxidants, such as ozone and peroxysulphates, can oxidize manga- 
ncsc(II) salts even in solutions which contain a moderate amount of free acid. The 
.ibilitv of peroxysulphates to precipitate manganese quantitatively as the hydrated 
dioxide, from solutions containing a little free sulfuric acid, is utilized in quantita¬ 
tive analysis. 

Mangancse(Il) salts have a catalytic action on the progress of many oxidations, cs- 
[X-cially lliosc involving atmospheric oxygen. This underlies the use of manganese com¬ 
pounds as fiualii fs. 'I hese are preparations which, when dissolved or suspended in linseed 
oil. make the oil dry out quickly, by accelerating its oxidation by atmospheric oxygen. 
I.inseed oil (or other drying oils, such as tung oil) containing such a siccative is known as a 
varnish. Manganese salts, in particular, arc used as siccatives, especially the manganese salts 
of resinic and linoleic acids (manganese resinatc and manganese linoleate), since these 
dissolve more readily in linseed oil than the manganese salts of inorganic acids. Lead 
compounds may also be employed as siccatives, but arc inferior in efficiency to manganese 
driers. \’arnishes containing both manganese and lead have the best diy'ing properties. 

Most of the ordinary manganese(II) salts are soluble in water, especially the 
chloride, nitrate, sulfate, acetate, and thiocyanate. The sulfide, phosphate, and 
carbonate are sparingly soluble. 

Double salts of manganese(II) with alkali salts also exist. In solution these are almost 
completely dissociated into their components. Thus the tendency to form complex anions is 
much less strongly developed for bivalent manganese than for trivalent. 

Mn*^ occupies a special position in the series of ions from Ca*+ to Zn*"*", in the same way 
as the Gd’* ion in the series of lanthanide ions {cf. p. 480). This is because the Mn*'*' ion 
with the electron configuration contains a half-completed 3d level. Thisspecial 

position shows itself in various properties of the manganese(II) compounds (e.g., molecular 
volumes), when they arc compared with the compounds of the neighboring elements 
(KIcmm, 1942). 

(1) Manganese{II) chloride (manganous chloride), MnCl„ can be obtained in the 
anhydrous state by the action of dry hydrogen chloride on manganous oxide, 
manganous carbonate or metallic manganese. It may also be prepared by burning 
manganese in chlorine (heat of formation—p. 207). The anhydrous chloride forms 
pink crystalline leaflets, isomorphous with calcium chloride and cadmium chloride. 
It melts at 650®, and begins to volatilize at a red heat (b.p. 1190®) in a current 
of hydrogen chloride. It is not reduced by hydrogen, but is converted into Mn, 0 , 
by heating in oxygen or water vapor. Manganous chloride is very soluble in water 
{72.3gin ioogofwaterat25®). 

tetrahydrate, MnCl^ • 4HjO, generally crystallizes from aqueous solutions. This 
exists in two modifications, the unstable form being isomorphous with Fea, • 4H,0. 
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(isomorphous with CoClj • bH^O) and a 
dihydrate. All the water may be driven ofTby heating the compound in a stream of hydrogen 
chloride. The anhydrous chloride is ver\- hygroscopic, and evok es i6 kcal per mol. when it 
is dissoK'ed in much water. The anhydrous chloride is also soluble in absolute ethanol, and 
crystallizes from the solutions with 3 molecules of alcohol of crystallization. 

Anhydrous manganesc{ 11 ) chloride can add on 6 molecules of ammonia, and also many 
other nitrogen compounds. I'hus with hydroxylamine it forms a quite stable addition 
compound. MnClj • 2NH2OH. 

Mangancsc(II) chloride can also form double salts with other chlorides, especially those 
of the alkali metals. These double salts are mostly of the types M'CI • MnClj and 
sM'Cl • MnClj. They are decomposed by water. 


Hydrated manganese chloride. MnCljj • 4H20, is most convenientls' prepared 
by dissolving manganese carbonate in hydrochloric acid and evaporating the 
solution (below 58^^). 


In so far as chlorine is still prepared by the Weldon process, manganese chloride can be 
prepared technically from the manganese chloride liquors. The excess chlorine and hydrogen 
chloride are first driven off, and the chief impurities {iron and aluminum! are precipitated 
by adding manganese carbonate. The manganese(II) chloride which crystallizes out when 
the resulting solution is concentrated is best purified by way of the carbonate. 

Manganesc(II) chloride gives rise to three basic salts, with different structures, according 
to Feitknecht, (1951): Mn(OH)CI. MnjlOHlaCl, and MnjlOHljCI, respectively. The 
latter is not very stable however. It is variable in composition, and has the brucite type 
structure, like Mn(OH)j itself. The OH- and Cl-ions arc distributed statistically, and the 
lattice is markedly expanded in the direction of the c-axis. 

(u) Manganese(II) bromide and iodide are very similar to the chloride in their appearance 
and properties, and form almost the same hydrates, ammoniates, etc. The capacity for 
forming double, salts is, however, much weaker in the case of the bromide, and appears to 
be lacking in the iodide. 

(ti) Manganese{II) fluoride. MnFj, pink quadratic prisms, differs from the other manga- 
nese(II) halides in that it is much less soluble (1.06 g in too g of water). It forms a rather 
unstable tetrahydrate and a very unstable ammoniate, 3MnFj • 2NH5, as well as double 
salts of the type M'[MnF3). 


(i&) Manganese{/I) sulfate^ MnSO*, is one of the most stable compounds of 
manganese. It is formed when practically all manganese compounds, except those 
containing involatile acids, are evaporated down with sulfuric acid. The an¬ 
hydrous salt is almost pure white. It forms rose-pink crystals from aqueous 
solution, with a water content depending on the conditions (hepta-, penta-, tetra- 
and monohydrates exist). 


The heptahydrate, MnS04 • 7H,0, which is stable below 9°, is occasionally found as a 
mineral (mallarditc). It generally crystallizes monoclinic, but can also form rhombic mixed 
crystals with zinc vitriol. 

The hydrate of manganous sulfate stable at ordinary temperature (in contact with the 
solution between 9® and 26°) is the pentahydrate, MnS04 • sHjO, known as manganese 
vitriol, which is isomorphous with copper vitriol. Ordinary commercial manganese(II) 
sulfate is the 4-hydrate, however. The rombic tetrahydrate is, indeed, stable only over an 
exceedingly narrow range of temperature*. However, a monoclinic form of the tetrahydrate 
exists, which is actually less stable, but which nevertheless crystallizes from solution over a 
wider range of temperature. Thus it is obtained when a manganese(II) sulfate solution is 
evaporated between 35® and 40®. This is the manganese sulfate of commerce. 

• Between about 26® and 27°. Above 27®, only the monohydrate is stable in contact 
with the solution. 
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Manganese(II) sulfate is manufactured from pyrolusite, which is either dissolved 
in hot concentrated sulfuric acid (i), or heated strongly with dehydrated iron 
vitriol (2): 

MnO, + H,SO^ = MnSO, -|- H ,0 + iO, (i) 

aMnO, + 2FCSO4 = aMnSO* + Fe.O, + * 0 , (2) 

Ivikc the chloride, manganese(II) sulfate serves as the starting material for the 
preparation of many other manganese compounds. It is also used in dyeing; 
material used for this purpose must be largely freed from iron. 

With the exception of the monohydrate, which is also occasionally found as a mineral 
monoclinic), the hydrates of manganese sulfate gradually effloresce when they are 
left exposed to air. All the water may be driven off by heating, especially in the presence 
ol concentrated sulfuric acid. 1 he anhydrous sulfate can add on 6 molecules of ammonia, 
and tlic rnonohydrale 5 molecules NHs- 

Double salts, of the general formula M'jSO, • MnS04, crystallize from mbced solutions 
of mangancsc(II) sulfate with alkali sulfates (anhydrous salts, or hydrates with 2, 4 or 6 
molecules of HjO exist). 

(y) Mani’anese{II) carbonate, MnCO„ is found native as manganese spar, and is 
important as a manganese ore for the production of spiegeleiscn and ferro¬ 
manganese. It crystallizes in the hexagonal-rhombohedral system, and is iso- 
morphous with calcite, magnesite, and sideritc. The naturally occurring manga¬ 
nese spar is often strongly contaminated with these substances, and is therefore 
generally grey, greenish, or brown in color, whereas it is raspberry red or pink in 
the pure state. The mineral is generally found in fine-grained or dense masses, 
atul its crystalline texture is recognizable only under the microscope. 

Precipitation from aqueous solution of soluble manganese(II) salts with soluble 
carbonates usually yields basic manganese carbonate, but if sodium hydrogen carbon¬ 
ate is employed as precipitant, in a solution saturated with carbon dioxide, the 
monohydrate of the neutral carbonate, MnCO, * HjO, is obtained as a white 
precipitate. This can be converted into the anhydrous carbonate by heating it 
with the solution (containing carbon dioxide) under pressure and in the absence of 
atmospheric oxygen. 

The solubility of manganese carbonate in water is very low. It is therefore not 
decomposed by water at ordinary temperature, although it is hydrolyzed on 
boiling. The dry carbonate also decomposes fairly readily when it is heated, 
dissociation being perceptible even below 100®, according to: 

MnCO, 4 - 23.2 kcal MnO -|- COj. 

At higher temperatures, the carbon dioxide oxidizes the manganese(II) oxide to 
some extent, and therefore becomes admixed with carbon monoxide above 330®. 
If manganese carbonate is heated in air, it is transformed into Mn^O^, and in 
oxygen forms MnjO,. 

Artificially prepared manganous carbonate is occasionally used as an artists’ pigment 
(manganese white). 

MnCO, has the calcite crystal structure, with a = 5.84 A, a = 47®2'. 

{vi) Manganese{Il) nitrate crystallizes from a solution of manganese carbonate in 
dilute nitric aci^l. Evaporation at ordinary temperature yields the hexahydrate, 
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Mn(N03)2 • SHjO, whereas above 25°, or from concentrated nitric acid solutions, 
the trihydrate, M:n{N03)2 ■ sHjO, is obtained in colorless monoclinic prisms. 
The monohydrate also exists. It can be completely dehydrated by warming it 
gently witli nitric acid anhydride. The anhydrous salt adds on up to q molecules 
of ammonia. It dissolves in water with considerable evolution of heat (i2.q kcal 
per mol). The solubility is 134 g of Mn(N03)2 »n too g of water at 18°. 

Mangancse(II) nitrate readily forms double nitrates with the rare earth metals. These 
salts have proved very useful for the separation of the rare earths by fractional crystallization. 

(wj) Alangamse{II) acetate, Mn(C2H30j)j • 4H,0, crystallizes from a solution of manga¬ 
nese carbonate in acetic acid, in pale red needles or plates, which are stable in air {1 part is 
soluble in 3 parts of cold water). It is used as a stimulating fertilizer, a siccative, and in other 
ways as an oxygen carrier. Anhydrous manganese(II) acetate can be prepared by the action 
of acetic anhydride upon the nitrate. 

[viii) Manganese{II) Phosphates and .Usenates. Excess of disodium phosphate 
throws down hydrated manganese orthophosphate, Mn3(P04)2 • 7H2O, from 
neutral manganese(II) salt solutions, as a floccuicnt white precipitate. Other 
phosphates, pyrophosphates, and metaphosphates, as well as acid phosphates, can 
be obtained under different conditions. The beautifully crystalline double salt, 
ammonium manganese phosphate, Mn(NH4)P04 • HjO forming fine silky crystals, can 
be precipitated from manganese(II) salt solutions by the addition of ammonium 
chloride, ammonium phosphate (or disodium phosphate), and a little ammonia. 
This reaction is utilized in gravimetric analysis. Like the analogous magnesium 
salt, this compound is transformed into the pyrophosphate when it is ignited: 

aMnlNH^lPO, ■ HjO = Mn^PjO, + 2NH3 + 3H2O. 

The (weakly) complex-acid H4(Mn(P04)a] • 3HjO (diphosphatomangancsc(II) acid) 
crystallizes from manganese(Il) phosphate solutions containing a large excess of phosphoric 
acid. It has been shown by transport measurements that the manganese is present in the 
anion of this acid. The same holds for the diarsenalomanganese{Il) acid, H4[Mn(AsO,)2]*3HaO 
(rose pink hexagonal needles). This reacts with alkali carbonates to form the salts 
Na4[Mn(As04),] and K4[Mn(As04)a], which crystallize anhydrous, or with ammonium 
carbonate, to form the acid s^t (NH4),Hj[Mn(As04)j] (Grube, 1936). 

Of the simple arsenates of manganese, the salts Mn3(As04)2 ' HjO, MnHAs04 • HjO, 
and Mn(HjAs04)j may be mentioned; also the double salt Mn{NH4)As04 • 6HaO. Basic 
manganese arsenates, or double compounds of Mn3(As04)2 with Mn(OH)2, occur in 
Nature (sarkinite, hemalibrite, allactite, arsenoclasite). 

(i>) Manganese sulfide, MnS. When a manganese(II) salt solution is treated 
with ammonium or alkali sulfide solution, a flesh pink precipitate is usually 
obtained, although under some conditions it may be more yellowish or reddish in 
tint. It consists of manganese(II) sulfide, generally in a hydrated form. On 
prolonged standing in the solution from which it was precipitated, and especially 
if it is boiled, it is converted into the more stable green form. The transformation is 
not conditional upon the presence of ammonium salts, but takes place particularly 
rapidly if precipitation is carried out with a large excess of ammonium sulfide. 
The green modification of manganese sulfide occurs native as manganese blende 
{alabandite), in the form of sparkling black regular crystals, which grind up to a 
green powder. Distinct crystallites of the green manganese sulfide can also be fairly 
readily obtained by artificial means. Manganese sulfide is not very stable in air. 
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1 he more reactive, flesh colored form, in particular, turns brown fairly rapidly on 
exposure to air, as a result of decomposition (hydrolysis and simultaneous oxidation 
to the dioxide hydrate). 


flu* crystal structure of manganese blende and the green form of the artifleial sulfide 
{»i-M nS I . like that of the alkaline earth sulfides, is of the rock salt type, with <1 = 5,21 A, 
Mn«»S = a. 61 A. The unstable red form exists both in a cubic modification, with the zinc 
blende- structure, (a = 5.60 A), and a hexagonal modification (a — 3.98 K, c — 6.43 A). 
Both of the unstable modifications arc generally present together in the flesh colored 
sulfide precipitated from solution, and are transformed monotropically into the green 
nxxlification on warming. 

Like «-MnS, the selenide MnSc crystallizes with a structure of the NaCl type. This is 
noteworthy in that the monosulfides and monoselenides of the adjacent elements in the 
Periodic System (Cr and \': also Fe, Co, and Ni) all crystallize with the NiAs structure. 
Mn fe crystallizes with the .\i,\s structure, as do all the lellurides from TiTe to NiTe. 

(x) Mangatu^e disuijide. In addition to manganese blende, a of manganese is also 

found native {haueriu, MnS,). Phis has the same crystal structure as pyrite (cf. p. 277), 
a - 6.097 A. S *-• S = 2.09 A, Mn*-+S= 2.58 A. Manganese disulfide can also be 
obtained from aqueous solution, though generally only at higher temperatures (about 160°). 
See p. 277 for a discussion of the valence of manganese in this compound. MnSj readily loses 
sulfur when it is heated, and at 304" has the same sulfur vapor pressure (55 mm) as ele¬ 
mentary sulfur (Biltz. 1936). Mn.Sc, and MnTe, have the pyrite structure, like MnSj 
(whereas Fe.Scj and FeTe, have the marcasite structure). 

(xi) M<inganese(I/) borate is used as a siccative. It is obtained by double decomposition 
between manganesc(Il) salt solutions and borax. The composition of the preparations 
obtained in this way corresponds roughly to that of a hydrated tetraborate. It is difficult to 
obtain material of uniform composition by precipitation from solution, but such compounds 
can be prepared by fusing mangancsc(II) oxide or manganese carbonate with boric acid 
or borax. 

(xii) Matigaruse{II) oxalate. If hot oxalic acid solution is added to a hot dilute solution 
of a manganesc(II) salt, or to a suspension of manganese carbonate in hot water, a white 
c rystalline powder with the composition MnC,04 • 2H,0 separates on slow cooling. If the 
reaction is carried out in the cold, the trihydratc MnCjO* • 3H,0 is first obtained, crystal¬ 
lizing in fine pink triclinic ncedlc-s. Formation of this compound can be used as a micro- 
chemical reaction for the identification of manganese. The trihydrate is not very stable in 
air. and changes to the dihydraie on standing. The latter does not lose water at ordinary 
temperature, even over sulfuric acid, but is converted into the pale pink anhydrous oxalate, 
MnC,04, above 100°. 

Manganese( 11 ) oxalate is sparingly soluble in water. Its solubility is considerably enhanced 
by strong acids and also by oxalic acid. Hydrated double salts, of the general formula 
M'jCjOi • MnCjO,. can be isolated from solutions containing alkali oxalates. 

(xiti) Manganese{I/) wlfite. Manganese carbonate reacts with an aqueous solution of 
sulfur dioxide, to form manganese{II) sulfite, MnSOj. Tltis salt is rather sparingly soluble, and 
crystallizes from the solution—with 3H,0 below 70'’, and with iH ,0 at higher tempera¬ 
tures—in pink needles, which arc oxidized easily in the air. With alkali sulfites it forms 
double salts, mostly of the type M'jSO, • MnSOj. 

(xii>) Mangaruse{II) cyanide and Cyanomangaruite[II) Salts. A precipitate is formed when 
cyanide ions arc added to manganese(n) salt solutions. This apparently consists of manga- 
ncsc(II) cyanide, Mn(CN),, but has never been obtained pure, since it rapidly decomposes 
in air, 1 he complex salts formed between manganese(II) cyanide, and other cyanides arc 
more stable (cyanomanganale(II) salts). These conform to the type M'4[Mn(CN)a]—e.g,, 
potassium hcxacyanomanganate(II). K4(Mn(CN),] • 3H,0, dark blue to steel blue plates; 
sodium hcxacyanomanganate(II), Na4(Mn(CN),J ■ 8 H, 0 , amethyst ociahedra; calcium 
h(xacyanomanganatc(II), Ca,[Mn(CN),], dark blue crystals. The aqueous solutions of 
cyanomanganatc(II) salts are almost colorless. These compounds cannot be kept in the air 
for long without undergoing oxidation, and also decompose fairly quickly in solution. 
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Double decomposition reactions with heavy metal salts can be carried out with freshly 
prepared solutions, however, and the radical [Mn{CN)(]* ■ thereby passes unchanged from 
one salt to another. The free acid. H,[Mn{CN)j] can be obtained by the action of hydrogen 
sulhde on the lead salt. It crystallizes in colorless scales, is very soluble in water, and 
decomposes in solution. 

By treating solutions of cyanomanganatedi) salts with aluminum turnings, or Devarda’s 
alloy, in the absence of air, Manchot ( 1926) succeeded in preparing cyanotnan^anntei 1 1 mlts 
M'5[Mn(CN)j]. These cyano salts of Krjtpositive manganese are intensely yellow in solution, 
and colorless in the solid state; they are extraordinarily easily oxidized. They can also be 
prepared by electrolytic reduction (Grubc. 1927K It is curious that all these complex salts 
are paramagnetic (Bhatnagar. 1939: Goldenberg. 1940). whereas it would be cxpect<-d 
that they should display diamagnetism, like K4[Fe(CN)*]. 

(xv) Manganese{Il) thiocyanate and Thiocyanatomangamle{U) Sails. Mangancsc(II) thio¬ 
cyanate. Mn(SCN)2, crystallizes when a solution of manganese carbonate in thiocyanic acid 
is evaporated. The degree of hydration of the salt depends upon the conditions of prepa¬ 
ration, the tetrahydratc being most stable at ordinary' temperature. It exists as large, bright 
green crystals, which arc exceedingly soluble in water. The concentrated solution is green, 
and the dilute solution pink. The anhydrous salt, obtained from the hydrates at ion 
(a trihydrate and dihydrate exist, in addition to the tetrahydratc) is yellow. With alkali 
thiocyanates, it forms complex salts of the type M'JMn(.SCN)6] (hexathiocyanato- 
manganate(II) salts). 

{xvi) Manganese silicates. Manganese metasilicate, MnSiOs, occurs as the ntineral 
rhodonite. When pure, this forms rose-red triclinic needles (densitv 3.5). It is gener¬ 
ally found in dull masses, however, with a dirty brown or grey color due to impuri¬ 
ties present. 

Manganese orthosilicatc, tephroiU, MnjSi04, is much rarer than rhodonite. Both of these 
minerals are often found in beautifully crystalline form, in blast furnace slags, etc. 

(c) Manganese(III) Salts 

The manganese(ni) salts are derived from the oxide Mn^O,, oxygen being 
replaced by acid radicals. Most of the salts are dark in color, have a strong 
tendency to form complex salts (acido-compounds), and in many cases, indeed, 
can only be obtained pure in such a form. All the manganese(IIl) salts have a low 
stability. In acid solution, they are readily reduced to manganese{II) compounds. 
In neutral solution, the simple salts in particular are hydrolyzed, initially to 
manganese(III) hydroxide; on exposure to air, however, the latter is rapidly 
converted to manganese dioxide hydrate. 

Proof that the mangancse(III) salts represent a definite oxidation state of manganese, 
and not perhaps a mixture of manganese(II) and manganese(IV), is afforded, among other 
arguments, by determinations of molecular weight. It has been possible to make such 
measurements on manganese(ni) acetylacetonate, Mn[CH(COCH3)2]j (black, lustrous 
crystals, melting at 172®), which is soluble in benzene. 

(t) Mangaruse{in) chloride and ChloTomanganate{IH) Salts. The dark brown, 
solution obtained by the action of concentrated hydrochloric acid on manganese 
dioxide probably contains manganese(III) chloride, MnCl,. It is not possible to 
obtain the simple chloride from this solution, but it is possible to isolate double (or 
complex) salts derived from it, the chloromanganaU{III) salts. They crystallize out 
when the solution is treated with alkali chlorides, and saturated with hydrogen 
chloride at o®. The formulas of the chloromanganate(III) salts correspond to the 
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general type M‘,[MnCl8]. They are dark red in color, and all crystallize anhydrous, 
except the ammonium salt, which contains i molecule of water of crystallization. 

(ii) No bromide or iodide of trivalenl manganese is known, nor have the corresponding 
complex salts been prepared. Manganese {III) fluoride, MnF„ however, can be obtained by 
the action of free fluorine on manganese(II) iodide: 

2MnI, + 3F, = 2MnF3 + sli- 

It decomposes into fluorine and manganese(II) fluoride at elevated temperatures, and is 
converted into MnjO, when heated in oxygen. It dissolves in a small amount of water, to 
form a red brown solution, which decomposes rapidly when it is diluted. The same red- 
brown solution is obtained by dissolving Mn^O, in hydrofluoric acid (i), or by the reaction 
between permanganate and a mangancse(ll) salt in the presence of hydrofluoric acid (2); 

MnjOg 4 - 6HF = 2MnF, + 3H,0 (1) 

MnO^- + 4Mn++ -f 15HF = sMnF, + 4H,0 + 7H+ (2) 

Hydrated mangancsc(in) fluoride, MnF, • 2H,0, crystallizes out, in ruby red prisms, 
when the solution containing excess hydrofluoric acid is evaporated. Dark red complex 
salts, of the types M'[MnF«] and M‘,[MnFj] crystallize out in the presence of alkali 
fluorides. 

(m) Manganeseilll) sulfale, Sulfatomanganate{III) Sails and Manganese Alums. 
Manganese(IlI) sulfate is formed by dissolving manganese(IIl) oxide or hydroxide 
in cold, moderately concentrated sulfuric acid*. The compound Mn,(S04),- H2SO4 
• 4H2O crystallizes from the red solution on cooling; the same compound can 
also be prepared by the action of concentrated sulfuric acid on potassium per¬ 
manganate (the manganese heptoxide which is first formed in this reaction dissolves 
in the sulfuric acid when it is gently warmed, giving oflf oxygen). On stronger 
healing, the red mangancse(III) sulfate is converted to green manganese(III) 
sulfate. This is also formed, according to Carius, by treating manganese dioxide 
hxdrate with hot concentrated sulfuric acid. 

4 

Manganese(III) sulfate is also obtained by the electrolytic oxidation of warm manga- 
nt-sc(II) sulfate solutions containing much sulfuric acid. The solutions turn red, and the 
compound Mn2(S04)j • H2SO4 • 4H,0 can be isolated from them. 

Manganese(lII) sulfate forms two scries of double salts with the alkali sulfates. 
Those of the first series are either anhydrous, or contain only a few molecules of 
water of crystallization. They correspond in composition to the formula 
M'jSO* • Mn,{S04)8, and can be formulated as disulfatomanganates(III), 
M’[Mn(S04)j]. The ‘red manganesc(III) sulfate’ is probably the parent acid of 
this series, H[Mn{S04),] * 2H,0, disulfatomanganese(III) acid. 

The second series of alkali double sulfates of trivalent manganese belongs, in 
composition and in crystal form, to the class of the alums. The most stable is 
cesium manganese alum, CsMn(S04)2 ’ isHjO, garnet red crystals. The analo¬ 
gous rubidium compound loses some water even at ordinary temperature, and the 
potassium and ammonium compounds are even more readily decomposed. 

Double salts of manganese(III) sulfate with iron(III)-, chromium(III)- and 
aluminum sulfate also exist. 


• The oxide will not dissolve unless a little manganese{II) oxide is abo present. 
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(t'y) Manganese^lll) phospkule. Several phosphates- of trivalent manganese are 
known, of which the orthophosphate MnP04 • HjO is green, and the meta¬ 
phosphate Mn(POj)3 is red. The others are violet. All are insoluble in water. 
The formation of manganese(lll) phosphate is responsible for the \’iolet micro- 
cosmic salt bead given by manganese in the oxidizing flame. 

A violet manganese(ni) phosphate, prepared in a particular way, is used as an artist’s 
pigment (manganese violet, permanent violet), which is notable for its pure tone and 
stability in air. 

A complex acid, H3(Mn(P04)2], is derived from manganese(III) phosphate. Its salts, of 
the type M'Hj[Mn(P04)2] (diphosphatomanganate(ni) salts, mostly -i-3H80), have been 
investigated by Meyer. 

(i;) The lnarsenaiomangaruse{IIl) acid, He[Mn(As04)3] • sHjO, obtained by Deiss {1925) 
is derived from manganese{III) arsenate. 

(rt) CyanomanganaUi^lll) Salts. Nlanganese(IIl) cyanide is not known, but the complex 
salts derived from it, the dark red hexacyanomanganaU^IIl) salts, M'3[Mn(CN)«], which are 
isomorphous with the hexacyanoferrate(III) salts (ferricyanides), can readily be obtained 
crystalline. They are quite stable in dr>' air. They may be prepared either by the oxidation 
of hexacyanomanganate(II) salts, or by the reaction between manganese(III) acetate and 
cyanides. 

The existence of the hexacyano complex, [Mn{CN),]*-, is shown by double decom¬ 
position of the soluble hexacyanomanganate(III) salts with heavy metal salts. Precipitates 
are thereby formed, in which the hexacyano complex persisu unchanged. Only in the double 
decomposition W’ith iron(II) salts does triposilive manganese become exchanged for bivalent 
iron, since the hexacyanoferraie(n) complex is more stable than the hexacyanomanga- 
nate(lll) complex. 

(wi) Manganese{III) acetate ma-y be obtained by oxidizing manganese( II} acetate, dissolved 
in hot glacial acetic acid, by means of permanganate or chlorine. The dihydrate, 
Mn(C2H302)3 • 2 HjO, is soon deposited, in the form of cinnamon brown, silky crystals, 
when a little water is added to the solution thus obtained. It is stable in dry air, but is 
decomposed by water, although it may be rccryslallized from glacial acetic acid. Manga- 
nese(III) acetate has often been found to be a convenient starting material for the prepa¬ 
ration of other manganese(III) compounds. 

(fm) OxalatomanganaU{lII) Salts. Manganese(ni) oxalate is known only in the form of 
the oxalatomanganate(IIl) complex. Potassium trioxalatomanganaU{IJI), K3[Mn(C204)3] • 
sHjO, forms deep red, almost black, monocUnic prisms, which are isomorphous with 
potassium trioxalatoferrate(III). It is fairly stable at ordinary temperature, when kept in 
the dark, but is decomposed in the light, or on heating; Mn“ is thereby reduced to Mn", 
and the oxalate radical is oxidized to COji 

2 K 3 [Mn(Cj 04 ) 3 ] = 2 MnC ,04 sK.GjO, + 2 CO,. 

(d) Manganese{rV) Compounds 

Simple salts of quadrivalent manganese are very unstable, and in general only 
the complex salts derived from them {acidomanganate{IV) salts) are known. Even 
these are all more or less readily hydrolyzed by water, and the exchange of acido- 
groups with oxygen takes place yet more readily in the presence of alkali. Oxo- 
manganate(IV) salts (usually known as manganites) are thus formed from acido- 
manganate(IV) salts. However, the acid from which these are derived (HgMnOa, 
manganous acid) is an extremely weak acid, and its anhydride, MnOg, is charac¬ 
terized by its great insolubility. This oxide, or its hydrate, is therefore generally 
precipitated. Even when manganites are formed, in solutions of sufficiently high 
hydroxyl ion concentration, they are almost invariably contaminated to a variable 
extent by admixed manganese dioxide hydrate. 
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The great stability of manganese dioxide, which is shown in that it occurs 
naturally in such large amounts as pyrolusitc, is due in part to its extremely low 
solubility. Manganese{IV) compounds arc not stable in solution. In acid solution 
they have a strong tendency to undergo reduction, although they can also be 
oxidized to permanganates by powerful oxidants. In alkaline solution they arc 
oxidized to manganates even by atmospheric oxygen. 

Of the acidomanganaU{IV) salts (general formula M',[MnXe]), the chloro and huoro- 
compounds are among the most important. Double iodates of thb same type arc also known 
—M«,(Mn{IOs),]— and the so-called glyceryl mangamtes (diglycc^lo^nganatc(lV) 
salts) belong to the same class. The latter arc obtained by heating freshly precipitated 
manganese dioxide hydrate with glycerol. C5H»(OH)„ and strong bMCS-^.g., sodiim 
diglyccrylomanganate{IV), NadMn(C,H, 0 ,),], a ycllow-rcd powder which dissolves with 

blocd red color in a mixture of alcohol and glycerol. 

(i) Mangaruse{IV) chloride and ChloromanganaU{JV) Salts, Manganese(iy) 
chloride is probably the primary product formed when manganese dioxide is 
dissolved in concentrated hydrochloric acid. It at once decomposes, however, 
losing chlorine, and cannot be isolated. The chloromanganatc(IV) salts, which it 
forms by combining with alkali chlorides, are more stable. 

Potassium hexachloromanganate(IV), K,[MnCla], very deep red crystals, is most r^dily 
obtained, according to Weinland, by running calcium permanganate and pot^ium emonde 
solutions into well cooled 40% hydrochloric acid. The ammonium and rubidium salts «n 
be obtained in a similar manner. The fluoromanganate(IV) salts (e.g., Kj[MnF,], golden 
yellow hexagonal plates and K[MnFj], pale red powder) can be obtained similarly. 

(») Manganese{lV) sulfate. If manganese(II) sulfate, in sulfuric acid solution, is 
oxidized at 50-60“ with permanganate, black crystals of mangancse(IV) sulfate, 
Mn(S04)2, are obtained on cooling if the solution is sufficiently concentrated. 
These dissolve with a deep brown color in sulfuric acid, but are hydro¬ 

lyzed by more dilute acid, and especially by water, with the deposition of hydrated 
manganese dioxide. It has been found that manganese(IV) sulfate is a particularly 
convenient oxidant for certain purposes, and finds some technical applications 
as such. 

Mangancsc(IV) sulfate is capable of forming double salts. These do not conform in 
composition to simple types, however. 

(hi) Manganites (manganate(IV) salts). Manganese dioxideunitesin very varied 
proportions with other metallic oxides. The compounds are known as mangamtes, 
or manganate(IV) salts. 

Thus with calcium oxide the following compounds are formed: 

aCaO • MnOj, CaO * MnO,, CaO • aMnO,, CaO • sMnO,, CaO • sMnOj. 

These are obtained from melts. Under similar conditions, analogous compounds arc 
obtained with the other alkaline earth metals. Compounds considerably richer in manganese 
are usually obtained from melts with the alkali oxides. The products obtained from aqueous 
solutions are for the most part very ill defined stoichiometrically, and consist to some extent 
merely of adsorption products of alkali or alkaline earth oxides on hydrated manganese 
dioxide. Many of the naturally occurring varieties of manganese dioxide are also highly 
contaminated witji adsorbed metallic oxides (especially psilomelane and wad). The (usually 



COMPOUNDS OF MANGANESE 


227 


manganese oaidca, with a content of behveen 3 and 4 equivalents of oxygen per 


(e) Mangajiate(V) salts 

It B often fomd that a blue coloration in place of the usual green is obtained when MnO 
soda and potassmm nitrate. It was shown by L.« (.946) that this was due to 

showed that its magnetic susceptibility 
‘ for a manganesc(V) compound. Auger aL Billy had earlier 

(^04) described a compound with the composition of a manganate(V) salt. Schmal (iqsol 
observedjhat any manganese oxide was converted into a manganese(V) compound wh^^l, 

ScLfder'tho s r' I“‘‘’’“OS*' Ba,[MnO.], was fim isolated by 
Scholder, who subsequently prepared a series of other manganate(V) salts. A pigment 

manganese blue, which is now manufactured industrially has been shown by wS by 

magnetic susceptibility methods, to contain pentapositive manganese. 


(f) Manganate{VI) salts 

When manganese dioxide is heated with potassium nitrate, a green melt is 

M.‘“rx7 salts-i.e., salts of the general formula 

M,[Mn04]. This reaction was already known to Scheele. Other oxidants in 
conjunction with alkali, can be used in place of niter. Solutions of the alkali 

manganate(VI) salts (usually known as manganaUs) contain the ions fMnO 1 * 
and arc dark green in color. 


Industrially, an intimate mixture of pyrolusite and potassium hydroxide is heated with 
free access of air which acts as oxidant. The process must be carried out in such a way that 
the water formed in the reaction: ^ 


MnO, + aKOH + * 0 , = KjMnO, + H ,0 

about 3 s litUe decomposition of the resulting manganate(VI) as possible. Yields up to 
obtained under suitable conditions; the formation of manganate(IV) or 

nrrvfnf th ® relation to the amount of manganate(VI) formed, 

prevents the achievement of higher yields* 


Only the alkali inanganates(VI) have as yet been obtained in a state of purity. 

They form deep green, almost black, crystals. Potassium manganate{VI), 

K,[MnO,], crystallizes anhydrous. A tetra-, hexa- and a decahydrate of sodium 
manganate(VI) are known. 

The alkali manganate(VI) salts are very soluble in dilute caustic alkalis, giving 
solution with a green color. They are at once hydrolyzed by pure water or dilute 
acids, however, forming manganese dioxide and permanganate: 

sMnO,^ + 2H,0 = MnO, + 2Mn04- + 4OH-. 

This reaction is apparently the consequence of the insubility of free manganic 
acid. HjMnO,, and is favored by the extreme insolubility of the manganese 
dioxide which is formed as a product of decomposition. This decomposition occurs 
even in alkaline solutions if they are heated. 

When heated above 500®, potassium manganate(VI) decomposes into potas¬ 
sium manganate(IV) (so-called potassium manganite) and oxygen, although the 

latter is not readily evolved quantitatively, owing to the formation of solid 
solutions: 


K|Mn 04 = KjMnO, + iO*. 
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The pigment manganese green (Kassel ^een), sometime recommended for fresco 
painting, as being non-toxic, is an impure barium manganatc{VI). 

(g) Permanganates (Manganate{VII) salts) 

rhe permanganates are derived from manganese heptoxide, Mn^O,. which 
functions as an acid anhydride. They have the general formula M'LMnO.], and 
the violet permanganate ion, [MnOJ", is present in their solutions. 

By far the most important of these salts is potassium permanganate, KMnO,. 
Sodium permanganate (which crystallizes as the hydrate NaMn04 • aHjO) is 
far less important industrially, because of its excessive solubility and corresponding 
dilhculty of crystallization. The other alkali permanganates are only of academic 
interest. The solubilities of the alkali permanganates are shown in Table 25. 

TABLE 25 


SOLUBILITY OF THE ALKALI PERMANGANATES IN WATER 
(g of anhydrous salt in 100 g of water) 


Formula 

LiMnO* 3 HjO 

NaMn04 ■ 3H1O 

KMn04 

RbMn04 

GsMnO, 

Solubility 

about 71 

V. soluble 
deliquescent 

6-34 

l.t 

0.23 

Temperature 

16* 



19“ 

19** 


Of the alkaline earth permanganates, the calcium salt, Ca(Mn04)2 • 5H,0, may be 
mentioned. It is very soluble in water, and finds some application for the sterili¬ 
zation of drinking water. Permanganates of the heavy metals are also known. 

Potassium permanganate, KMnO*, the most important salt of permanganic oxid, 
is manufactured on a large scale, usually by the electrolytic oxidation of potas¬ 
sium manganate(VI): 

MnO*= — e = Mn04~. 

Older processes either employed chlorine as oxidant: 

MnO,^ 4- 4CI, = MnOj- + Cl", or KjMnO* -f- 4GI, = KMn04 -f- KCl, 

or utilized the spontaneous decomposition of potassium inanganate(VI) in solution, and 
neutralized the liberated alkali by means of CO*: 

3KjMn04 + 2COj = qKMuO* MnOj -I- zKjGOj. 

In the latter case, one third of the original manganate becomes reconverted to mangan«e 
dioxide. However, this process has the advantage over that involving oxidation with 
chlorine, in that the potassium carbonate formed as a by product can be returned to the 
operations, and used for the oxidative fusion of the pyrolusite. In the chlorine process, the 
by-product potassium chloride is lost. 

Potassium permanganate exists as deep purple, almost black, prisms, with a 
brownish reflex. It is isomorphous with potassium perchlorate, with which it 
forms a complete range of mixed crystals*. Potassium permanganate is moderately 

♦ NH4[Mn04) likewise forms a complete range of mixed crystals with NH4[C104]. 
KMnO* and RbMnO*, however, can only form mixed crystals with one another over quite 
a restricted range. 
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soluble in water (just over i mol per liter at room temperature; cf fable 20 
Its intensely red violet solution lias a characteristic absorption spectrum It is 
widely used as an oxidant both in analytical and preparative chemistry 

In acid solutions, permanganate reacts with sufficientlv strong reducing agents 
according to the equation; 

MnO*- + 8H- + y = Mn^-^ + 4H3O. 

This reaction takes place quantitatively with iron(II) salts, hydrogen peroxide, and 
oxahe, formic and nitrous acids and it thus enables these substances to be determined by a 
very simple titrimetric procedure. Since a permanganate solution is perceptibly colored even 
in very great dilution, and its color disappears when it is converted to a mangancsc(II) 
salt, the end point of the titration when permanganate is used as an oxidant is indicated 
when the reagent is no longer decolorized. It is usual to employ for volumetric analysis a 
permanganate solution which is -,1^ normal with respect to the oxygen furnished to the re¬ 
ducing agent. Such a solution contains mol (or 3.1605 g) of potassium permanganate per 
liter. Each millilit^ ^ solution corresponds to fV millicquiyaleni of the reducing 

agent in question. Oxidizing agents can be determined indirectly by means of permanga- 
nate They arc first treated with an excess of a suitable reducing agent (e.g., oxalic acid or 
iron(II) sulfate), the total amount of which is known. The unconsumed portion of the 
reducing agent is then titrated back with permanganate. Manganormtric methods (as 
mrirnetnc determinations based on the use of permanganate are termed) can occasionally 
be employed even for the determination of substances which have neither oxidizing nor 
^ducing properties. Thus calcium may be determined by precipitating it with oxalic acid. 
The precipitate is dissolved m dilute sulfuric acid, and the oxalic acid in this solution, which 
is equivalent in amount to the calcium, is titrated with permanganate. 


In alkaline, neutral, or weakly acid solutions, permanganate is reduced to 
manganese dioxide: 

MnO*- + 4H-^ + 3^ = MnO, + 2H,0. 

reaction can be employed for thedetermination of manganese in manganese(II) salts 

(Volhard s method): » v y 


aMnO,- -f 3Mn+-»- + aH.O = sMnO, + 4H+. 

A permanganate solution which is normal with respect to active oxygen for oxidations in 
strongly acid solution (1 e., a molar solution) is only normal for the determination of 
manganese by Volhard s method. In carrying out titrations of manganese by Volhard’s 
method, steps mi^t be taken to prevent manganese(II) ions from escaping oxidation through 
the location of insoluble manganese(n) manganites. For this purpose, zinc ions are added 
in high concentration to the solution, since the precipitated manganese dioxide then binds 
these preferentially, rather than manganese(II) ions. 


If concentrated potassium hydroxide solution is added to potassium per¬ 
manganate, manganate(VI) is formed and oxygen is evolved: 

4Mn04- -f 4OH- = 4MnO*= + O* + gH^O. 

Decomposition proceeds further on prolonged standing, MnOg also being formed. 
Oxygen is also evolved when dry permanganate is heated to dull red heat. In this 
case manganite (i.e.,'manganate{IV)) is formed as well as manganate(VI): 

loKMnO, = 3KjMnO^ + 2K,0 • 7Mn02 -f 

Since Mn04” ions are far less stable in alkaline solution than in acid solution, it is possible 
to titrate many substances with permanganate in alkaline solution, even though they are 
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only very slowly attacked in acid solution-e.g.. hypophosphites, methanol er^^ol, and 
numerous other organic substances. The spontaneous decompostuon of the MnO, tom 

which takes place in alkaline solution (although only very slowly ° 

ilkali) can easily introduce errors, unless the reactions take place ve^ rapidly. It is there 

hire preferable, In determining such substances titrimetr.c^ly, to utilize 

of the reduction of the MnO.' ions, which leads to the formation of MnO, ions, this 

probably takes place according to the equation: 

aMnO.' + 2OH- = 2Mn04= + H ,0 + O, 


giving rise to the formation of atomic oxygen as primary product which then rc^ts with 
ihr reducing agent. This reaction is much faster than the second stage of the reduc ion 
(MnO, -* MnO,). Stamm has shown that if a soluble barium salt is present, the reaction 
,s ducked at the first stage, since the MnO,^ ions thus formed are at orice rerno^vred, through 
formation of the insoluble barium manganate, BaMnO*. It is desirable to add some heavy 

metal salts also (e.g., a few drops ofCo(N03), solution) whmh acts as a caUlyst to accelerate 

ihc transfer of the oxygen. In this form, titration with alkaline permanganate solution is 

suitable not only for the determination of many organic substances (c-g d" f 

Mr nroeess water), but also for the titrimctric estimation of lodates (IIU,J 

"udld:, 0 : [lO.] ), cyanides (CN- ^ CNO-). .hiocyanafe (SCN- ^ CNO^ + SO.-,. 

phosphites {[HPO3] -- [PO,]^-). and hypophosphitcs ([H,PO,] [PO,] ). 


Potassium permanganate is a favorite oxidizing agent in preparative organic 
chemistry. Its uses for the bleaching of wool, cotton, silk, and other textile fibers, 
and for the decolorization of oils, arc also dependent on its strong oxidizing 
properties. It is also employed to free materials of organic impurities—e.g., for the 
removal of empyrcumalic constituents from crude pyroligneous acid. Potassium 
permanganate is also widely used as a disinfectant. Various varieties of wood arc 
stained with permanganate to give them a nut brown color. Permanganate also finds 

use in dyeing. It is frequently used in the laboratory and industrially for washing 

gases—e!g., for purifying carbon dioxide in the manufacture of mineral waters. 


Potassium permanganate does not react at a perceptible rate with hydrogen under 
ordinary conditions. However, if silver nitrate is added to apcrmai^anatesoluUon.itisable 
to absorb hydrogen at room temperature and ordinary pressure. This otecr^ation^ be 
utilized for the gas-analytical determination of hydrogen in the presence of CH4, and 

N„ since these gases are not attacked (Hein, 1931). 


4. Analytical (Manganese) 

Manganese is not precipitated by hydrogen sulfide, but is precipitated by am¬ 
monium sulfide as the flesh colored (hydrated) sulfide MnS. If manganese is 
present in a higher valence state, it is reduced to a manganese(II) salt by boiling 
it with ammonium sulfide or much more quickly, with hydrogen sulfide. 

Manganese is readily separated from the other elements of the ammonium sulfide group. 
Unlike cobalt and nickel sulfides, its sulfide is readily soluble in dilute hydrochloric acid. 
Manganese differs from zinc and aluminum, in that its oxides MnO, Mn^Oj, and MnO, 
are insoluble in sodium hydroxide. Iron and chromium can be separated from bivalent 
manganese by precipitation with ammonia in the presence of ammonium chloride*. 

• For this purpose, the iron must be converted to the trivalent state by the addition of a 
Utile concentrated nitric acid, as it is otherwbc incompletely precipitated. The manganese 
is not oxidized by the nitric acid. 
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When manganese compounds are fused with potassium nitrate (oxidizing 
fusion), a green manganate(VI) is formed, and its solution turns violet when it is 
acidified, manganese dioxide being silmultancously precipitated. Oxidation to 
permanganic acid by means of lead dioxide in the presence of concentrated nitric 
or sulfuric acid constitutes a very sensitive identification reaction (cf. p. 217). 

Manganese may be identified microanalytically as the oxalate (cf. p. 222), or by means 
of a drop reaction based on the blue coloration of benzidine produced by auto-oxidizing 
Mn(OH)2. The drop reaction with potassium periodate and .\rnold’s reagent is considerably 
more sensitive still (limit of detection o.oojy manganese). Mn++ ions can be oxidized by 
periodates in acid solution to MnO^* ions, which give an intense blue color with Arnold’s 
reagent (cf. Vol. I, p. 557). 

In the oxidizing flame, manganese confers a violet color on the microcosmic or 
borax beads, due to the formation of manganese(III) phosphate or borate. The 
coloration disappears in the reducing flame,since the corresponding manganese(II) 
compounds are formed. 

Suitable methods for the gravimetric determination of manganese are precipi¬ 
tation and weighing as sulfide, or precipitation as the hydrated dioxide, which is 
converted by ignition to manganese(II, III) oxide, Mn304. An excellent method 
for determination of manganese in manganese(II) salts is the precipitation as 
manganese ammonium phosphate, MnNH^PO* ■ H^O, and weighing as pyro¬ 
phosphate, Mn^PaO,, after ignition. Electrolytic decomposition at the anode, as 
the hydrated dioxide from concentrated nitric acid solutions, often provides a good 
method for the separation of manganese from other metals. 

For the titrimetric determination of manganese, and the use of potassium permanganate 
in titrimetric analysis, see p. 229 el seq. 


5. Technedam (Tc) 

(a) Occurrence and History 

Technetium is an unstable ejement, which can be obtained only as the product 
of artificial nuclear transmutations (cf. p. 232). As mentioned earlier (p. 206), 
the name of technetium was given to element 43. This follows the proposal of Segre, 
who first obtained it in 1937 as the product of a nuclear reaction (bombardment of 
molybdenum with deuterons, cf. p. 563), and investigated its most characteristic 
chemical properties. Several isotopes of technetium have since been obtained by 
nuclear reactions. All are unstable, in accordance with the rules concerning nuclear 
stability (sec p. 592). The longest lived isotope of technetium (®®Tc), obtained by 
Segr^ in 1947 (t>y neutron bombardment of molybdenum and also as a product of 
uranium fission) has a half-life of about 2-io* years. The age of the earth is more 
than a thousand times as great as this, so that even if technetium were originally 
present in the earth’s crust, it must have conipletely disappeared in the intervening 
time (cf.p.514). 

(b) Preparation 

Although no stable isotope of technetium exists, considerable quantities of the 
element should become available in course of time, since it is formed to the extent 
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of 6.2% of the total fission products from in nuclear reactors. Owing to the 
enormous ^-ray and y-ray activity of the fission products, it is not readily extracted. 
However, '’Tc is the longest-lived of the fission products (half-life 2.12 • io‘years, 
according to Fried, iQsO- After a sufficiently long period of storage, the other 
fission product activities have largely died away, and it becomes practicable to 
recover technetium from the residues. Small quantities (of a few milligrams) 
can conveniently be prepared by irradiation of molybdenum oxide with neutrons, 
in a nuclear reactor: 


Y 

»«Mo "Mo —V ••Tc + fi-. 

7 ’he technetium can be sublimed off quantitatively as the volatile oxide, Tc, 0 ;. 
It can be isolated from solutions (e.g., of old fission products) by precipitation as 
sulfide (see below). 


(c) Chemical Properdes 

Technetium is very similar to rhenium in its chemical behavior. The resemblance 
to rhenium is much closer than to manganese, just as molybdenum resembles 
tungsten rather than chromium, or ruthenium resembles osmium rather than iron. 
Thus technetium heptasulfide is insoluble in dilute hydrochloric acid, as is the 
corresponding rhenium sulfide, whereas manganese sulfide is soluble. Metallic 
technetium also volatilizes as the heptoxide when it is heated in oxygen, as rhenium 
docs, whereas manganese heptoxide cannot be formed by the direct combination 
of the elements. Technetium can be separated from rhenium by passing a stream 
of moist hydrogen chloride through a solution of the oxide in 80% sulfuric acid 
at 200®. Rhenium distils over as a volatile chloride, whereas technetium remains 
behind. 

In many reactions, technetium also resembles molybdenum, its neighbor in the Periodic 
System. Advantage can be taken of this resemblance, by using molybdenum compounds 
as ‘carriers’ for the corresponding technetium compounds when working on a ‘tracer’ 
scale. 

The chemical properties of technetium could at first be studied only with unweigbably 
small quantities, using the ‘tracer’ methods of radiochemistry (cf. Chap. 11). Weighable 
amounts of the weakly radioactive isotope ••Tc are now available, however (sec above). 
Thus Boyd and his coworkers (1952) have isolated about 0.6 g of spectroscopically pure 
metallic technetium from fission products. The sulfide Tc,S7 was precipitated by means of 
H,S from a solution acidified with HCl. The black precipitate was dissolved in ammoniacal 
hydrogen peroxide. Ammonium perUchnetaU, NH4TCO4, was thereby obtained, and was 
reduced to the metal by heating to about 600® in hydrogen. Very small quantities of 
techrietium can be precipitated as the sulfide by use of PtS, as a carrier. The sulfide in this 
case is dissolved in ammoniacal and distilled from concentrated sulfuric acid. Under 

these conditions, TcjO, distils over, and is absorbed in ammonia. 

The atomic weight of technetium, determined by chemical methods, agrees closely with 
the atomic weight as determined by means of the mass spectrograph, by Inghram (= 98.91). 
Technetium metal crystallizes with the hexagonal close packed structure (isomorphous 
with Re, Ru and Os), a = 2.735 A, c = 4.388 A ; atomic radius = i .36 A, density (by X-ray 
method) = 11.50. The metal docs not dissolve either in hydrochloric acid or in alkaline 
hydrogen peroxide, but is dissolved by nitric acid and aqua regia. It bums when it is heated 
in oxygen, forming the bright yellow volatile heptoxide, Tc^O,. Technetium heptoxide is 
hygroscopic, and dissolves in water to form perUchnetic acid, HTCO4, which can be obtained 
in the form of deep red needles when the solution is evaporated. HTCO4 is a strong mono- 
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basic acid. The deep red color of its concentrated solutions rapidly pales when the solution is 
diluted, and a i-molar solution is quite colorless. .Ammonium pertcchnctatc, N'H, I'cO^, is 
colorless and is not hygroscopic when pure. Its solutions show an intense absor[>tion in the 
ultraviolet, at 2470 A and 2890 A [sec Boyd, J. Am. Chem. Soc. 74 (1952), 556; Rulfs and 
Meinke, ibid., 74 (1952), 235]. 

Metallic technetium can be deposited elcctrolytically from acid solutions. The standard 
potential for the formation of TcO^" ions from the metal, according to the equation 

Tc 4- 4H(0 = TcOj-^ 4- 8H^ 4- -je, 

was found by Flagg and BIcidner (1945) to be = —0.41 volts. This value lies between 
the standard potentials of the MnO,” and ReO|" ions, From the standard potential, the 
free cnerg>’ of formation of the TcO^ • ion can be calculated as JF° — —160 kcal per g-ion 
TcO,". Technetium is displaced, in the metallic form, from solutions of the TcO^' ion by 
means of Mg, Zn, Fe, Ni, Sn, Pb, and Cu. Tin(II) chloride and hydrochloric acid reduce 
the Tc 04" ion to a cation derived from some lower valence state of technetium. It has been 
shown by Rogers (1949) that, in principle, it should be possible to separate technetium from 
both rhenium and molybdenum by electrolytic deposition from alkaline solution. If 
technetium is heated in dry hydrogen chloride, it volatilizes as a chloride (cf. rhenium). 


6 . Rhenium (Re) 


(a) Occurrence 

Rhenium is an extremely rare element indeed, and is exceeded in rarity by 
none but the inert gases krypton and xenon, and thestrongly radioactive elements. 

The average content of rhenium in the portion of the earth’s crust which is accessible to 
us has been estimated as about 10“’ per cent. Rhenium is not uniformly dispersed through¬ 
out the crust, however, but is relatively strongly concentrated in’certain minerals—usually to 
the greatest extent in molybdenite, and often in platinum ores also. Depending upon its 
source, molybdenite may contain 6 • lo'* to 2 • iO"®% rhenium. A content of io-*% 
rhenium was detected in a Russian platinum ore—i.e., 1 mg of rhenium in 1 kg of platinum 
ore. Oxidic ores rarely attain such a ‘high’ rhenium content; in columbites, for example, it 
lies between 0.5 • 10“‘ and 2 • iO"*%. Even among the sulfide ores, however, molybdenite 
seems to be the only one in which the rhenium content may rise above Rhenium 

becomes relatively highly enriched in the smelter residues from the Mansfeld copper shales 
(cf. p. 235). 


(b) History 

Rhenium was discovered in 1925 by Noddack and Tacke, as the result of deliberately 
planned experiments. It had been inferred long before this, from the Periodic system, that 
two unknown homologues of manganese (‘ekamanganese’ and ‘dvimanganese’) ought to 
exist, and this inference was strengthened when it became possible to state with certainty, on 
the basis of Moseley’s law, that the atomic numbers 43 and 75 could not be assigned to any 
of the known elements. Unsuccessful attempts to discover these elements had already often 
been made. From the failure of such attempts, and from a comparison of the abundances of 
the various elements in the earth’s crust, Noddack and Tacke drew the conclusion that 
‘eka-’ and ‘dvi-manganese’ must be exceedingly rare elements. If this were so, there could 
be no possibility of detecting them directly in minerals, by means of their characteristic X- 
ray spectra. A preliminary enrichment to a content of at least o. i % vvould be essential, since 
this was at that time the limit of sensitivity of X-ray spectroscopy. In order to carry out such 
an enrichment, Noddack and Tacke tried to predict the chemical properties of the elements 
from the Periodic System. To do so, they assumed that in the Vllth Sub-group the proper¬ 
ties would change with atomic number in the same way as in the two neighboring groups— 
i.e., in the Vlth Sub-group and the first column of the Vlllth Sub-group. They reached the 
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conclusion that, like manganese, elements 43 and 75 would be capable of existing in a large 
number of valence states, but that the higher valence states would be much more stable 
than with manganese; this statement corresponds to the fact that in the neighboring columns 
the stability of the highest valence state rises in a very marked degree from chromium to 
tungsten and from iron to osmium. They deduced the most important properties of elements 
43 and 75 and their comf>ounds by a comparison with neighboring elements and, with 
these as a basis, applied chemical separation processes to various minerals, in order to bring 
th<- concentrations of the hypothetical elements within the range of detection by X-ray 
spectroscopy. For this purpose it was again necessary to select those minerals in which, 
according to the laws governing the distribution of the elements in the earth’s crust, 
(Chap. 15), it might be expected that elements 43 and 75 should be present, if they existed. 
For this purpose, the first choice fell upon platinum ores. Since, however, only small quanti- 
tii*s of such ores were available to the investigators, the search was extended to oxidic ores, 
and especially to those which contained both molybdenum and ruthenium, or tungsten and 
osmium together, in appreciable amounts. This is the case, for example, with columbite and 
tantalitc. The estimates of abundance suggested that element 75 should be about 500,000 
limes as rare as niobium in the earth’s crust*. If it were assumed that the same ration be- 
tv\ccn niobium and element 75 obtained in columbite, then it would be necessary to enrich 
f'ictnent 75 by a factor of at least 500 in order to make spectroscopic detection possible. 
Since, however, it might be that in columbite the actual amount of the sought for element 
would be even smaller than this, the enrichment process was carried yet further, by a factor 
of ten—i.e., 0.2 g of concentrate was prepared from 1 kg of mineral, by a process which was 
so chosen that the total quantity of the elements adjacent to nos. 43 and 75 (i.e,, Mo, W, Ru 
and Os), present in traces in the mineral, remained together. By this means a quantity of 
clement 75 which was detectable by X-ray spectroscopy was. in fact, obtained in the en¬ 
riched product. The element which was thus detected by its X-ray spectrum (cf. Table 26) 
was given the name rhenium (after the river Rhine) by its discoverers. By a similar process, 
Noddack and Tackc believed that they had detected the element of atomic number 43, 
which they called masurium (after Masuria, in East Prussia). However, it has later been 
shown that this clement does not exist in Nature as already mentioned (sec pp. 206, 231). 


TABLE 26 

PREDICTED AND MEASURED LINES IN THE CHARACTERISTIC L-SERIES 

X-RAY SPECTRUM OF RHENIUM 


Symbol of line 

Lci| 

La, 


Ly 

Wave length, calculated from Moseley’s law 
Wave length, measured 

'• 43 ' 

1.430 

'• 44 ' 

'• 44 * 

'•235 

'•235 

1.204 ^ 

1.205 A 


A determination of the rhenium content of numerous minerals (after an initial enrich¬ 
ment process, in each case) reveal ed the fact that molybdenite, especially that from Norway, 
had a relatively high rhenium content. By starting with 660 kg of almost pure molybdenite 
Noddack and Tacke were able, in 1928, to isolate for the first time i g of almost pure 
rhenium. The industrial preparation of larger quantities soon followed, and the metal is 
now commercially available. It now finds technical applications on an appreciable scale 
(sec below). Honigsehmid, in 1930, determined the atomic weight of rhenium as 186.31. 
Noddack and Tackc, in 1925, had predicted, from the regularities of the Periodic System, 
that rhenium would have an atomic weight of 187 to 188. The chemical propierties have also 
been found to agree, in their essentials, with those predicted. 

• Noddack and Tacke adopted the working hypothesis that the average abundance of 
elements 43 and 75 would bear to that of ruthenium and osmium about the same ratio as 
that of manganese to the abundance of iron—i.e., about i : 50. Noddack and Tacke derived 
their estimates from considerably lower values for the abundance of the platinum metals 
than those showm in Table 84 (p. 644), which are based on more recent investigations. Cf. the 
discussion of this matter on p. 647. 
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(c) Preparation 

At the present time, the raw materials used for the technical extraction of rhenium art- 
certain residues obtained in smelting the Mansfeld copper shales, in which rhenium is 
present in a relatively highly enriched state. These residues, which contain on the average 
about 0.005% rhenium, are subjected to an oxidation process and are then leached. rh»- 
rhenium then passes into solution in the form of the Re04“ ion, together with large quanti¬ 
ties of heavy metal sulfates. The greater part of the latter is first deposited by evaporation, 
and then the rhenium is precipitated as potassium perrhenate, KRe04. by the addition of 
potassium chloride. This is redissolved, freed from heavy metals which may have bc<-n 
carried down with it, by the addition of potassium hydroxide, and is finally purified bv 
repeated rccrystallizaiion. By this process, an annual production of at least 230 kg of 
potassium perrhenate, or 160 kg of rhenium, can be obtained from the smelter residues. 

Metallic rhenium is obtained, as a grey powder, by heating potassium perrhenate in 
hydrogen. It is freed from the accompanying potassium hydroxide by washing it in hot 
water, and then heating again in hydrogen. If ammonium perrhenate is heated in hydrogen, 
pure rhenium is obtained directly, in the form of a brilliant metallic mirror. Single crystal 
wires of rhenium can be obtained by depositing them according to the \'an .-Xrkcl and Dc 
Boer process. 

(d) Properties [/] 

Metallic rhenium resembles platinum in appearance. It is fairly soft and quite 
malleable in the compact state when it is pure. Lumps obtained by sintering or 
melting the grey powdered metal which is produced by reduction in hydrogen are 
only moderately ductile, and are very hard (hardness 8 on Mohs’scale). Rhenium 
melts at 3150®. It crystallizes w'ith the close packed hexagonal structure (Vol. I, 
p. 249, Fig. 57), a = 2.76 A, r = 4.47 A, atomic radius 1.38 A. Its density in the 
compact state is 20.9, and its specific electrical resistance 0.20* io“* ohm cm“‘ 
at 20®. Rhenium is fairly resistant to air oxidation at ordinary temperature. The 
compact metal is perceptibly attacked by oxygen only above 1000®. Powdered 
rhenium, however, slowly volatilizes when it is heated gently in oxygen, giving the 
oxide RejO;. It gradually is oxidized in moist air, even at ordinary temperature, 
forming perrhenic acid HReO,. 

Rhenium does not unite with hydrogen to form hydrides, and nitrides are also at present 
unknown. With phosphorus it forms the compounds RejP, ReP, ReP, and RePj. It also 
combines with arsenic forming a compound corresponding approximately with the formula 
RcjAs,, and with silicon to form ReSij. Rhenium combines with tungsten, yielding the 
compound R^Wj (cf. Table 17, p. 124). It forms a wide range of mixed crystals, but no 
compound, with chromium. The behavior of rhenium towards the other metals is but little 
known. 

Rhenium is practically unattacked by hydrochloric and hydrofluoric acids. It 
dissolves rapidly in nitric acid, however, and more slowly in sulfuric acid, giving 
perrhenic acid. The salts of perrhenic acid are also obtained as the final products 
when rhenium is fused with alkali hydroxides, with adequate access of air (cf. 
p. 238). 

Rhenium is a relatively poor hydrogenation catalyst, but is better for dehydrogenation. 
It is less suitable for catalytic oxidations, because of the ease with which the volatile 
heptoxide is formed. 

(e) Uses 

Rhenium has been found very useful for the manufacture of tips for fountain pen nibs, 
since when alloyed with small amounts of other metals it combines great hardness with 
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resistance towards corrosion by drietJ ink. It is also used for making platinum alloys with 
excellent resistance towards mechanical wear—e.g., for electrodes used in electro-analysis. 
I hc hardness and tensile strength of Pt-Rc alloys with 5% Re excels not only that of pure 
platinum, but also that ofthePt-Ir alloys (with 10% Ir) formerly used for making electrodes. 
I hc volatility of rhenium when it is heated in the air is an objection to its use for crucibles. 
The volatility of rhenium when heated in an oxidizing atmosphere has to be borne in mind 
when platinum-platinum rhenium thermoelements arc employed, since this loss Ica^ to a 
gradual decrease in the thermo-e.m.f. These thermocouples have advantages over platinum- 
platinum rhodium thermocouples in that the thermo-e.m.f. is 3 4 times as large. 


7. Compounds of Rhenium 

I hc -]-4 and -j-7 valence stales are distinctly favored by rhenium in its com¬ 
pounds. 

Rhenium can only function as heptapositive towards the halogens when it is combined 
with oxygen as well as with the halogens. Its maximum valence is otherwise six towards 
fluorine and fne towards chlorine. Among the halogcno-salts, those of the type M‘2[ReX,], 
with fr/r<jpositive rhenium, arc particularly readily formed. Compounds of /ripositive 
rhenium arc also known. There arc some indications that rhenium can also exist in the 
bivalent and ««ivalent stale, but pure compounds corresponding to these valence states have 
not yet been isolated. Rhenium can also exist in the unirugative state which is produced when 
potassium perrhcnale is passed through a Jones rcductor (Lundell and Knowles, 1937). 
The compound KRc • 4H1O has recently been isolated (Bravo, Greswold and Klcinberg, 

1954 )- 

A survey of the principal clas.ses of rhenium compounds is given in Table 27. 

(a) Rhenium Oxides 

Ik'sides the oxides given in l able 27, rhenium probably forms an oxide of character 
similar to molybdenum blue and tungsten blue, since a blue deposit is frequently obtained 
when rhenium is heated in a current of oxygen, in addition to the yellow oxide Re^O, and 

TABLE 27 


MOST IMPORTANT TYPES OF COMPOUNDS FORMED BY RHENIUM 


V'alcncc 

state 

Oxides 

Oxy salts 

SulBdes 

Fluorides Chlorides 

Chloro salts 

III 

RcjOj • xHjO 


■ 

. 

RcjCI, 

M'lRcCl*] 

I\' 

RcOj 

M>,[RcO,] 

RcS, 

RcF, 

— 

M>,[ReCU] 

V 

— 

M'lReO,) 


— 

RcCIj 

M»,(ReOCU] 

VI 

RcOa 

M«2[ReO,l 


RcF, 

RcOCl* 

M',[ReOCl,] 

VII 

RcjO, 

M«[Re04] 

RejS, 


ReOaCl 



the white oxide (sec below). In the preparation of RcO, by the reduction of Re207, or of 
compounds derived from this oxide, violet or blue substances arc again often formed as 
intermediate products. These have compositions intermediate between ReOj and ReOj, 
and may perhaps be identical in nature with the blue sublimate. It has not yet been possible 
to determine the composition of the latter. 

(t) Rhenium heploxide, RcgO,, is produced when rhenium powder is heated in a 
current of oxygen. It forms yellow crystals which melt at 220®, sublime even below 
their melting point, and dissolve very readily in water to form penhenic acid. 
Rhenium heptoxide is also very soluble in alcohol, but not very soluble in ether. 
For heat of formation, see p. 207. 
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When the yellow rhenium hcptoxidc is gently heated in oxygen, and in ih<- course of 
preparing the heptoxidc by the combustion of rhenium, a while oxide of rhenium is frequent¬ 
ly obtained as a by-product, in the form ol a mist which is not readily deposited. In the 
condensed state, this forms a snow white, highly refractive mas-s. which i.s not perceptibly 
crystalline. It is uncertain whether this is a second modification of rhenium heptoxidc, 
RcjOj, or whether it may be a peroxide, RcjOs. 

(ii) Rhenium irioxide, ReOg, was prepared by Biliz (1931), by heating RcjO, with Re in a 
sealed capillary tube at 300'’- It is red, and has a densit>' of 7. The X-ray investigation of it.s 
structure (Meisel, 1932) has showm that the Re®’^ ions form a simple cubic lattice, w'ith the 
O*- ions occupying the mid-points of the 12 edges of the cubic unit cell (Vol. I, p. 209, 
F‘g- 45 )- 

(fh) Rhenium dioxide^ ReOj, can be obtained by heating rhenium heptoxidc in hydrogen 
at 300^, or by dehydrating rhenium dioxide hydrate. ReO^ * xHgO, in a vacuum at 300'". 
It is a brown-black powder, which burns to rhenium heptoxide (often inflaming) if it is 
heated in oxygen. Rhenium dioxide is reduced to the metal when it is heated to 800° in 
hydrogen. If strongly heated in a vacuum it decomposes, according to the equation 
7 ^^ 0 s ~ 3 ^^ "b 2Re20j (Biltz, 1933 )' dissolves with a green color in hydrochloric 

acid, forming H2[RcCl9]. The salts of this acid (see below) have a tendency to hydrolyze, 
with the deposition of the brown-black rhenium dioxide hydrate. 

(tV) Dirhenium Irioxide (rhenium sesquioxide), RegOj, has as yet been obtained only in the 
hydrated form, RcgOj • xHjO, by the addition of alkali hydroxide to a solution of RcjClj. 
It is unstable, and gradually decomposes water with the evolution of hydrogen (Geilmann, 
> 933 )- 


(b) Oxy-Salts of Rhenium 


Rhenium forms the following oxy salts. 


Re(VII) 

Re{VI) 

Re{V) 

Re(IV) 


\ M’[Re04] (1:1) perrhenates, ordinary perrhenates, colorless, 

f M*5[ReOsl (3:1) perrhenates, yellow to red 

M‘2[Re04] rhenates, green 

j M‘[Re03] (i ; 1) hyporhenates, metahyporhenates, yellow 
! M‘4[Rea07] (2:1) hyporhenates, pyrohyporhenates, yellow 
' M’3[Re04] (3:1) hyporhenates, orthohyporhenates, yellow 

M'8[Re05] rhenites, brown. 


The perrhenates are by far the most stable of these salts. The rhenites may also be obtained 
relatively easily. The preparation of pure rhenates and hyporhenates, however, presents great 
difficulties, since they are present in melts, in temperature-dependent equilibrium with 
the rhenites and the perrhenates (see below). 

(t) Perrhenic acid and the Perrhenates. Rhenium heptoxidc is the anhydride of 
perrhenic acid, HRe04. 


The reaction RejOy -}- HjO = 2H+ -f- 2Re04“ takes place at great dilution with 
considerable evolution of heat (6.3 kcal per mol of HRe04). Nevertheless, when the solution 
is evaporated it is not the free acid HRe04, which separates out, but its anhydride, Re^Oj. 
Perrhenic acid is a strong monobasic acid. Its aqueous solutions are colorless. It is most 
readily obtained by dissolving metallic rhenium in 30 per cent nitric acid. 


When perrhenic acid is neutralized with bases, its salts, perrhenates, M'[Re04], 
are obtained. Unless they contain colored cations, these are colorless, and generally 
crystallize anhydrous.' 

Most perrhenates are soluble in water, and many of them can be melted without decom¬ 
position. In so far as their structures have been determined, the perrhenates of univalent 
metals crystallize in the scheelite structure (Fig. 27, p. 179). 
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(ii) Potassium perrhnate, KReO*, is the starting material for the preparation of 
most other rhenium compounds. It cr>’stallizes anhydrous, in colorless tetragonal 
hipyramids (scheclite type, a = 5.615 A, r = 12.50 A). Its solubility is: 

ijt o® 10^ 20® 25° 50* 100® 

0.47.^ 0.573 0.990 < .235 3.18 10.44 g of KRcOi in 100 g of H, 0 . 

Ihilikc potassium permanganate, potassium perrhenate is quite stable, even in 
strongly alkaline solutions. 

Pirrlu natcs may be obtained directly, by fusing rhenium powder with alkali hydroxides 
in the presence of oxygen. When an amount of oxygen equivalent to the oxidation of the 
metal to perrhenate has been absorbed, the melt assumes a fiery red color. This is because 
the great excess of alkali hydroxide in such a melt leads to the formation of the red (3:1) 
perrhenates, M'jReOj, and not the colorless ordinary perrhenates, M*Re04. 

Before the formation of perrhenate is completed, the alkali melt turns first dark brown, 
tlien yellow and finally green, as the oxygen content increases. As was shown by I. and 
W. Noddack (1933). this is due to the occurrence of the oxidation in stages, by way of the 
browjj rhenites, yellow hyporhenates, and green rhenates. The oxy salts corresponding to 
the intermediate stages of oxidation arc difficult to isolate from the melt in a pure state, 
however, since equilibria arc set up between the various oxidation states, depending in part 
upon reversible disproportionation processes (e.g., 2Re(V) ^ Re(IV) -f- Rc(VI), 
2 Rc(V'I) Rc(V) + Re(VII)), which are shifted by changes in temperature and oxygen 
content. Pure rheniUs, M‘j[RcOj], are obtained most simply by fusing RcO, with alkali 
hydroxide. Thus sodium rhenite is formed by the reaction 

ReOj + 2NaOH = Naa[Re03] + H, 0 , 
as a brown powder, insoluble in water and caustic alkalis. 

(c) Sulfur Compounds of Rhenium 

Unlike manganese, rhenium forms no monosulfide, but a disulfide ReSj (with 
tetrapositive rhenium), and a heptasulfide, RcjS,. Whereas the disulfide is a very 
stable compound (heat of formation 40 kcal), the latter is an endothermic com¬ 
pound. Hence only the disulfide can be obtained by the direct union of its con¬ 
stituents, whereas the heptasulfide can be prepared only by precipitation from 
solution. 

(i) Rfienium heptasulfide is obtained as a black precipitate by the action of HjS on strongly 
acidified solutions of perrhenates. It tends to stay in colloidal dispersion if the concentration 
of acid is too high or too low, the optimum conditions for precipitation being i2gofHCIper 
100 ml of solution. Rhenium heptasulfide is practically insoluble in hydrochloric acid and 
in alkali sulfide solutions. It dissolves in nitric acid, forming pcrrhenic acid. It loses sulfur 
irreversibly when heated, giving the disulfide, (Biltz, 1931). 

(n) Thioperrhenates. If hydrogen sulfide is passed into a neutral perrhenate solution, or 
into dilute perrhcnic acid, the solution turns yellow as a result of the formation ofraonothio- 
perrhenate ions, [ReOjS]-. The alkali monothioperrhenates are very soluble in water. 
For example, the potassium salt KfRcOaS], which crysullizes in yellowish green needles, 
dissolves to the extent of 1 part in 1.5 parts of water at 20®. The yellow thallium(I) thio- 
perrhenatc. TlIReOjS), is sparingly soluble. The monothioperrhenates gradually decompose 
in solution, apparently to form compounds with higher sulfur content—e.g., TlfReSJ 
thallium(I) tetrathioperrhenate, a dark brown precipitate. 

(iii) Ionium disulfide can be prepared both by the direct combination of the components 
and by heating rhenium heptasulfide (e.g., in nitrogen). It forms black, trigonal leaflets 
(density 7.51), insoluble in hydrochloric acid and in alkali sulfide solutions. It decomposes 
into its elements when sufficiently strongly heated (ReS, = Re + S„ dissociation pressure 
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13 mm of sulfur vapor at 11 Io^ 99 mm at 1225"). without the intervention of any lower 
sulfides as intermediate stages. Whereas Re forms mixed cr>'stals with ReSj only to a very 
small extent, if at all, ReS* can take up an excess of sulfur in solid solution. It is therefore 
not easy to obtain the sulfide with a composition corresponding exactly to the formula RcS... 

(d) Halogen Compounds of Rhenium 

Table 27, p. 236, gives a summary of the fluondes and chlorides of rhenium. Most 
of the halogen compounds of rhenium have a tendency to form acido-complexes, 
and some are stable only in such a form. This is true of the bromides and iodides in 
particular, which are themselves but little known in the free state, although their 
acido salts correspond in composition to the chloro salts. 

(1) Rhenium Fluorides. Rhenium powder reacts with fluorine at about 125°, yielding 
rhenium hexafluoride, ReF5. This is formed as a colorless gas which condenses on cooling to a 
yellow crystalline mass (m.p. 18.8®, b.p. 47.6**). The gas density corresponds to the formula 
ReFj. Oxyfluorides, RcOF^ and Re02F2, have also been prepared, but it has not been 
possible to isolate a fluoride containing heptapositive rhenium (RufiT, 1932 and onwards). 
IfReF# mixed with hydrogen is passed through a tube heated to 200®, rhenium tetrafluoride, 
ReF*, is deposited as a greenish black mass (density 5.38, m.p. 124.3*). ReF* is soluble in 
water, with decomposition, but it dissolves in 40% hydrofluoric acid to give a green solution, 
from which potassium hexafluoTorhenaU{IV), KjfReF,], crystallizes when KF is added. Po¬ 
tassium hexafluororhenate is more simply prepared by reducing KRcO* by means of KI, 
in hydrofluoric acid solution. It forms small green octahedra, isotypic with K2[PtCl6]. 

(li) Rhenium Chlorides and Chlororhenates. Rhenium combines with chlorine when heated, 
giving rhenium pentachloride, ReClj. ReClj (or Re,Cl*) is formed at the same time, but the 
penuchloride can readily be separated by sublimation in a high vacuum. Rhenium penta¬ 
chloride is deep brown-black in color. Although it can be sublimed in high vacuum, it loses 
chlorine when it is heated in an atmosphere of nitrogen, and forms RcjCI*. Heated in 
oxygen, ReCI, loses chlorine and forms the oxychlorides ReOCl* and ReO,CI. When ReQ, 
is treated with dilute hydrochloric acid it dissolves, in part with the production of the acid 
H,[ReOClj], but also to some extent with the formation of HReO*-j-H,[ReCle]. It reacts 
with concentrated hydrochloric acid according to the equation: 

ReCI, + 2HGI = H,[ReCI,] + iCI, 

(Geilmann and Biltz, 1933). 

The acid H,[ReOCl6] is not very stable, and the oxopentachlororhenaU{ V) salts, M«,[ReOCl*], 
derived from it also readily decompose in solution, undergoing hydrolysis and disproportion¬ 
ation. These salts resemble the hexachlororhenate(I V) salts in appearance, but differ in that 
they are birefringent and give different X-ray diffraction patterns (Jakob, 1933, Hdlemann, 
* 937 )- 

Chlororhenic acid (more correctly hcxachlororhenium(IV) acid), H,[RcCl,], derived from 
the chloride ReCl*, which is itself not known in the free state, is very similar to chloro- 
platinic acid, H,[PtCI*], in its reactions, although less strongly complexed than the 
latter. In the form of its aqueous solution or of its salts, it is the most readily accessible 
chlorine compound of rhenium, and can be prepared in various ways,—e.g., by dissolving 
ReO, in hydrochloric acid or, starting with perrhenates, by reducing them with HI in 
concentrate hydrochloric acid solution. Potassium chlororhenate (potassium hexachloro- 
rhcnatc(IV)), K,[ReCl,], is most readily obtained pure by warming an intimate mixture 
of p>otassium perrhenate and potassium iodide with concentrated hydrochloric acid 
(Enk, 1931). It is isotypic with K,,[PtCl,], and is rather sparingly soluble in hydrochloric 
acid; water alone, without addition of acid, brings about hydrolytic decomposition. 
Cesium chlororhenate, Cs,[RcCI*], is far less soluble still. 

Rhenium trichloride, ReCl, or RcjCl*, obtained by the thermal decomposition of ReCl*, is 
red. It is soluble in water, but is rapidly hydrolyzed in pure aqueous solution, with depo¬ 
sition of the hydrated sesquioxide, Re, 0 ,‘ xH, 0 . Rhenium trichloride is notably stable in 
hydrochloric acid solution, however, and under these conditions is not attacked at ordinary 
temperature by strong oxidizing agents such as permanganate or chlorine water. Rhenium 
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trichloride is present in hydrochloric acid solution in the form of the complex acid H[ReCl4] ; 
cHlororhenaUilll) salts, M«[ReCl4], crystallize out when alkali chlorides are added to the 
hydrochloric acid solution. These salts undergo decomposition when they are heated: 

6M'[ReCI,] = 3 M>,[RcC 1,] + Re + RcjCU 

(Gcilmann and Biltz, 1932, I. and W. Noddack, 1933). 

A freshly prepared solution of rhenium trichloride docs not react immediately with silver 
nitrate. Hence the trichloride is not present in the solution in a dissociated form. In 
accordance with this, it can be extracted from solution by means of ether. Molecular weight 
determinations in glacial acetic acid point to the formula Re,Clg. According to Biltz, the 
similarity in absorption spectrum between the free chloride and H[ReCl4] suggests that the 
former is a complex compound: 

“Cl Cl Cl 

Re Re 

_C 1 Cl Cl J 

It differs from other complex nonelectrolytes in being readily soluble. This may be due to 
the fact that rhenium in this compound is not coordinatively saturated, and is able to add 
on HjO molecules. 

(ill) Rhenium oxychlorides are obtained by the action of a mixture of chlorine and oxygen 
upon metallic rhenium. The compounds arc more readily obtained pure, however, by other 
methods—e.g., by heating RcCIj or Re,Cl4 in oxygen, or by the action of Reds on RegO,. 
Rhenium trioxychloride, RcO,CI, was first prepared in this way by Brukl (1932), as a colorless 
liquid, m.p. 4.5®, b.p. 131®. If an excess of ReCIj is employed, rhenium oxytetroehloride, 
ReOCl^ (m.p. 29.3®, b.p. 223“) is obtained as brown-red radiating needles. Whereas 
RcOsCI is smoothly hydrolyzed by water, to give HRCO4 and HCl, the hydrolysis of 
ReOCl4 is accompanied by a sclf-oxidation-reduction, so that HRe04 and HCl are formed 
and black RcO, is deposited simultaneously. ReOCl4 dissolves in concentrated hydro¬ 
chloric acid, forming the complex acid Hj(ReOCl,], the salts of which are veryunstable. 
The potassium salt, K,[ReOCl4], obtained by I. and W. Noddack, decomposes as soon as 
it is separated from its hydrochloric acid solution, and undergoes decomposition according 
to the equation 

3K,(RcOCI,] -I- 5H,0 = 2K[Re04] + K,[ReCl,] -f 2Ka -f- loHCl. 

RCOCI4 reacts with ammonia, forming ReO(NH,),Gl„ which decomposes above 400*, 
leaving a residue of Re and ReO|. If the oxydiamidodichloride is brought into contact with 
ice water, it exchanges Cl for OH, and forms diamidorhenic add, H,[RcOj(NH,) J, This loses 
water in a vacuum at 100®, and is transformed into diamidorhenium dioxide, Re(NHt)iOt 
(Brukl, 1933). 

(e) Carbon Monoxide Compounds of Rhenium 

Rhenium shares with the elements of the Vlth, Vlllth and 1st Sub-groups the 
capacity to form compounds with carbon monoxide {carbonyl compounds); it 
forms both a compound with true metal carbonyl character, namely the penta- 
carbonyl, [Re(CO) 5 ]j, and also carbonyl halides, Re(CO)jX. These compounds 
were discovered by Hieber, 1939. 

(i) Rhenium pentacarbotyl, [Rc(CO)5]„ may be obtained by the action of carbon monoxide 
under high prcss'»re (300-400 atm.) upon rhenium heptoxide at 250*: 

Re, 0 , + 17CO = [Re(CO),], + 7CO,. 

It exists as colorless pseudo-cubic crystals, which are but slightly volatile, and not very 
soluble in oiganic ^Ivents. It is quite stable at ordinary temperature, but undergoes 
decomposition above 250®. 
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(11) Rhenium Carbonyl Halides. Rhenium chloropenlacarbonyl. Re(CO)sCI can be obtaiticd 
e.g., by heating ReCU with CO and Cu. or KRoO^ with CO and CCI,: 

ReCl^ T 9CO -i- 4CU = Re(CO)sCI + 4Cu(CO)Cl 
KReO^ + SCO T CCI, = Rc(CO)sCl + COCI. + 3C02 -j- KCl. 

If KjfReBrg] or KjfReIg) are used, in place of RcClj, the corresponding brotno- or iodo- 
pentacarbonyl is obtained. The rhenium pcntacarbonyl halides form colorless crystals. 

which arc not very soluble in organic solvents. They are quite stable at ordinary tempera- 
tures. 

Both in rhenium pcntacarbonyl and in the pcntacarbonyl halides, a portion of the carbon 
monoxide can be replaced by certain organic nitrogen compounds (e.g., pyridine (pyr) or 
orthophenanthroline (o-phen). In this way such compounds as Re(CO)3(pyr)2. 

Re(CO)3(pyr)jX, (pale yellow-green), Re(CO),(o-phcn), Re(CO)3(o-phen)Cl (yellow) are 
formed. 


8 . Analytical (Rlieiiium) 

+ 7 Rhenium is precipitated by hydrogen sulfide from strongly acid solutions 
as the heptasulfide, RejSj, which is insoluble in ammonium sulfide. The formation 
of the volatile oxide Re^O- when materials containing rhenium are heated in 
oxygen, is a very characteristic reaction. Basic oxides, which would interfere with 
the volatilization of rhenium heptoxide (by forming perrhenates) can be rendered 
ineffective by adding H,PO, or SiOj. Perrhenic acid, formed by dissolving 
Re^O,, may be identified by converting it into salts of characteristic crystal habit. 

In addition to the perrhenates, the hexachlororhenates(IV), M«j[ReCle], are suitable 
salts for the microanalytical detection of rhenium. 

Rhenium is detected with the greatest certainty by means of its arc spectrum (character¬ 
istic lines at 3452, 3461 and 3465 A'), or by its X-ray spectrum (cf. p. 234). Volatile rhenium 
compounds impart a dull green color to the oxidizing flame of the Bunsen burner. 

Rhenium is most conveniently determined gravimetrically by precipitating and weighing 
nitron perrhenate, • HReO,. If necessary, the rhenium may first be separated by 

precipitating it as sulfide. This is then oxidized by means of hydrogen peroxide (Geilmann, 
Z, anorg. Chem., 195 (1931)]. 

Rhenium can be separated quantitatively from molybdenum by precipitating the latter 
clement by means of 8-hydroxyquinoline. The rhenium can then be determined in the 
filtrate as nitron perrhenate (Geilmann, 1931). 


Reference 


/ I. and W. Noddack, Das Rhenium, Leipzig 1933, 86 pp. 



CHAPTER 7 


EIGHTH SUB-GROUP OF THE PERIODIC SYSTEM: 
METALS OF THE IRON GROUP AND 
PLATINUM METALS 


Atomic 

numbers 

Elements 

Sym¬ 

bols 

Atomic 

weights 

Densi¬ 

ties 

Melting 

points 

Boiling 

points 

Spe¬ 

cific 

heats 

Valence states 

Metals of 

26 

Iron 

Fe 

55-85 

7.86 

1528- 

2735" 

0.1077 

I, II, III, IV, VI 

the iron 

27 

Cobalt 

Co 

58.94 

8.83 

1490- 

3100® 

0.0928 

I, II, III, IV 

group 

28 

Nickel 

Ni 

58-71 

8.90 

1452“ 

2840® 

0.107 

I, II, III, IV 

Light 

platinum 

44 

Ruthenium 

Ru 

lOI.I 

12.30 

ca. 2400- 

ca. 4200® 

0-0553 

II, III, IV, V, VI, 
VII, VIII 

metals 

45 

Rhodium 

Rh 

102.91 

12.42 

1966° 

ca. 3900® 

0.0591 

I, II, III, IV, VI 


46 

Palladium 

Pd 

106.4 

12.03 

• 555 * 

3170® 

0-0543 

II, III, IV 

Heavy 

platinum 

76 

Osmium 

Os 

190.2 

22.7 

ca. 2700® 

ca. 4600® 

0.0311 

II, III, IV, VI, 
VIII 

A 

metals 

77 

Iridium 

Ir 

19^.2 

22.65 

2454" 

ca. 4500® 

0.0309 

I, II, III, IV. VI 


78 

Platinum 

Pt 

j 95-09 

21.45 

1774“ 

ca. 3800® 

0.0318 

I, II, III, IV, VI 


I. Introduction 


(a) General 

Sub-group VIII of the Periodic System comprises three series, each made up of 
three consecutive elements with the atomic numbers 26 to 28 (iron, cobalt, and 
nickel), 22 to 46 (ruthenium, rhodium, and palladium) and 76 to 78 (osmium, 
iridium, and platinum). The first three resemble each other especially closely, and 
together make up the metals of the iron group. The other six are known collectively 
as the platinum metaU, after the most abundant and most important member, 
which the rest closely resemble in properties, and with which they are usually 
associated in Nature. The platinum metals can be subdivided into the light and 
heavy platinum metals, according to their density (cf. Table, above). 

The nine elements of Group VIIIB are arranged in the Periodic Table as 
follows (the names are prefixed by the atomic numbers): 



a 

b 

I. 

iliron 

iicobalt 

2 . 

44ruthenium 

4srhodium 

3 - 

^lOsmium 

77 iridium 


c 

iinickel 

4«palladium 

7aplatmiun 





* introduction 

Similarity between adjacent elements is hardly shown to the same degree anywhere 

else m the Penodtc Table as in these three series. In addition, there is also, a 

considerable similarity between the elements standing one above anothe, in the 
three columns a, 6, c, 

A comparison of the most important physical and chemical properties shows 
that the metals of the iron senes display closer resemblances to one another than anv 
of them does to the elements standing under them, whereas in the platinum met¬ 
als the closest resemblances are between elements in the same column. In dis- 
cussing the chemical properties it is therefore convenient to subdivide Group 
\ IIIB, with iron, cobalt and nickel constituting one subdivision (the iron series), 
and the platinum metals being divided into three dyads, each consisting of the pair 

of vertically related elements. This subdivision is set out in the scheme of Table 28 


T.\BLE 28 



EIGHTH 

SUB-GROUP OF THE PERIODIC 

S Y S T E M 




A. IRON SERIES 


- r 

1 

1 1 

Iron 

Cobalt 

Nickel 

1 

1 



B. PLATINUM METALS 





1st dyad 

2nd dyad 

3rd dyad 


* 

1 1 

t 


Ruthenium 

Osmium 

Rhodium 

Iridium 

Palladium 

Platinum 

1 

1 

\ 

! 

1 


J 


Of the three elements standing on the extreme left of Group VIIIB—iron, 
ruthenium and osmium—, the first two occupy positions 8 places after the pre¬ 
ceding inert gas (argon and krypton, respectively). According to the Bohr theory, 
the outer electron shell of osmium should have essentially the same configuration 
as that of iron and ruthenium (see below). It might therefore be expected that 
these three elements would display a maximum valence state of eight. This is, in 
fact, true of ruthenium and osmium, whereas iron exhibits a maximum valence 
state of six. In general, the tendency to exercise high valence states increases from 
top to bottom within each of the three columns of vertically related elements (cf. 
the data in the last column of the summary Table). Within each horizontal series, 
however, the tendency to exert high valence states diminishes from left to right. 

A similar tendency emerges when instead of the maximum, the preferred valence states are 
compared within Sub-group VIII. Iron is usually bi-or trivalent, ruthenium is preferentially 
quadrivalent, whereas osmium has a marked tendency to function in the -pfi or +8 valence 
state. Cobalt is predominantly bivalent in its simple compounds, and trivalent in complex 
compounds; rhodium is predominantly trivalent in its simple compounds also, whereas in 
the case of iridium some of the most important compounds are derived from the quadrivalent 
state. Nickel, as a rule, is definitely bivalent; although the bivalent slate is the most im¬ 
portant for palladium also, the distinction is not so marked, and platinum exhibits a 4-4 
valence state in some of its most important compounds—hexachloroplatinic acid and its 
salts. 
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BckFc 

* 5 

HcjFc 
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Mg 


s 0.' 


5 ■ O 

Bc*Co 

Bc-Co 


s o: 


S > 0 


S 0 


Bc„Ni, ! Mg,Ni* 

I26j^ 760^ 

BeNi ; MgNi, 
1492' I 1145’ 


TABLE 

MISCIBJLITY AND COMPOUND FORMATION BETWEEN METALS 

(Symbols have the same 


Ca 


B 
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liq < 00 
s O? 
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Fc,B* 

I 3 « 9 * 

FeB 

1540* 
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Co|B 
CoB 
CoB{ 
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Al,Fe* 
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AlCo 
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tago* 

Ni,si,a 

843® 

NiSi 

993 * 

NiSi,* 

1000 * 


Ga,Pt 

Ga,Pt, 

GaPt 


In,Pt 

InJt 
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PdSi 

900 ® 


alloys 

PtjSi? 

PtSi,? 
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An increase in the icndcncy to function in the higher valence stales, with increase in 
atomic number, has been noticed among the vertically related elements of each of the Sub¬ 
groups of the Periodic System to be discussed so far. It shows itself clearly in Sub-groups 
I\’. \'. \'I, \ II and \'III. but only in these Sub-groups. It cannot be detected in groups 
IB, and I IB, and is. in fact, reversed in group IIB. the tendency being for lower valence 
states to be preferred as the atomic number increases. 

Osmium is closely related to ruthenium in its chemical properties, and especially in its 
ability to exist in a valence slate of f 8. even although osmium does not follow eight places 
aft< r an inert gas. I his is because the series of lanthanides has been interposed between 
osmium and the inert gas preceding it (xenon). .According to the Bohr theory, the occurrence 
of tlie lanthanide series is due to the entry of electrons into the 4/shell, which lies ‘inside the 
xenon configuration’ (cf. the Table in .Appendix II). Osmium possesses 22 (= 14 + 8) 
elec trons more than xenon, but of this number only 8 arc bound ‘outside’ the xenon con¬ 
figuration —namely in ')</ and 6$ orbits. Thus the neutral osmium atom, like ruthenium 
and iron, has an electronic configuration with 8 electrons bound ‘outside’ the preceding 
inert gas configuration. 


Pnjpcriics common to all the elements of groupVIIIBare their metallic char¬ 
acter. grey to grey-white color, high melting points, extremely high boiling 
poitiis, and very small atomic volume (only about Mo i of that of potassium). 
1 licy all display to some extent the property of occluding and activating hydrogen. 
I,veil apart from this, they all show well marked catalytic properties. The ability 
to form compounds from several valence states, and to pass readily from one state 
to another is cotnmon to all the Group \TIIB metals, as also is their distinct ten¬ 
dency to form complex compounds. In this respect it is characteristic that they 
can combine not only wiilt NHj, but also with CO and often with NO, and have 
a particular afiinity for CN radicals. They also all have the property of forming 
colored conipouiids. Iwcn in the form of so-called ‘free electrolytic ions’ (that is to 
say, only sheathed with water molecules), those cations that exist are invariably 
colored. The hydroxides of the sub-group VIII elements arc in some cases weakly 
basic, in some cases weakly acidic, and some are amphoteric. In each of the three 
.series, the afiinity for oxygen diminishes from left to right. The elements of the 
last column (nickel, palladium and platinum) constitute a transition to the ele¬ 
ments of Group IB, which are all noble metals. The elements of sub-group VIII 
all have a high afTmity for sulfur, which shows itself not only in their simple com¬ 
pounds, but also in compounds of higher order (complex compounds)—e.g., in the 
numerous addition compounds formed by certain platinum salts with organic 
sulfides. In eacli of the three series, this affinity for sulfur increases from left to 
right. In this respect also, the elements of group VIII form a transition to those of 
Group IB for which—especially in the case of copper and silver—the ease with 
wliicli they combine with sulfur, as compared with their low affinity for oxygen, is 
very characteristic. 


In each of the three series of Sub-group VIII, the melting points decrease from left to 
right, and they rise on passing down each column: 


Fe 


Co 


Ni 

1528^ 

> 

1490® 

> 

>452 

A 


A 


A 

Ru 


Rh 


Pd 

ca. 2400“ 

> 

1966® 

> 

*555 

A 


A 


A 

Os 


Ir 


Pt 

ca. 2700® 

> 

2454“ 

> 

•774 
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The values of the •atomic volumes', and the atomic radii derived from interatomic distances 
m the crystals of the elements follow a similar regular trend; tl«stances 


Atomic volumes 
in cc. 

Fe Co Ni 

7.10 > 6.67 > 6.59 

AAA 

Ru Rh Pd 

8.27 < 8.29 < 8.87 

A A A 

Os Ir Pt 

8.38 < 8.53 < 9.10 


Atomic radii 

in A. 

Pe Co Ni 

1.24 < 1.26 > 1.24 

A A A 

Ru Rh Pd 

1.32 < 1.34 < >-37 

AAA 

Os Ir Pt 

'•33 < 1.35 < 1-38 


The Sub-group VIII me.als have the following hardness values, on Mohs’ scale. 


Fc 

4-5 


Co 

5-5 


Ni 

3-8 


Ru Rh Pd 
6.5 — 4.8 


Os 

7.0 


Ir 

6.5 


Pt 

4-3 


CRYSTAL STRUCTURES OF CROUP VIIIB METALS 


Fc* 

Body»ccntered cubic 

a = 2.86 A 
Ru 

Hexagonal close packed 
a 2.69 c = 4.27 A 

Os 

Hexagonal close packed 
a = 2.71 c = 4.31 A 


Co* 

Hexagonal close packed 
a = 2.51 c 5= 4.10 A 

Rh 

Face-centered cubic 
a = 3.80 A 

Ir 

Face-centered cubic 

a = 3.82 A 


Ni* 

Face-centered cubic 
a = 3.52 A 

Pd 

Face-centered cubic 
a = 3.88 A 

Pt 

Face-centered cubic 
a = 3.91 A 


(b) Alloys 

vf tT h 'n Tables 29 and 30 (pp. 244-5 and 248), the metals of 

Sub-group yill haNC a notable capacity for forming alloys. So far as is known, the metals 
of the alkalis and alkaline earths arc the only ones with which they form neither mixed 
crystals nor compounds. With the other metals of the Main Groups they form numerous 
compounds, which almost invariably arc well defined in composition. This is associated 
with the fact that there is no miscibility (or at least very little) in the solid state between the 
Sub-group VIII metals and those of the Main Groups (cf. Table 29). As shown in Table 20 
similar compounds are formed with the non-metallic elements of the Main Grouos 
especially with B, C, Si, N, P, As, and to some extent with S ’ 

The elements Ru, Os, Rh, and Ir are not included in Tabic 29, since very little is known 
of their behavior towards the metals of the Main Groups. According to Rode (iq2q) Rh 
fornis with Bi the compounds Bi^Rh, Bi^Rh and BiRh, which melt incongruently but no 
mixed crystals. Rh and Ir are stated to be completely miscible with Pb in the liquid state 
but quite immiscible in the solid state. ’ 

The behavior of the Sub-group VIII metals towards the metals of the other Sub-groups 
differs according to whether the other component is a metal of the transition scries or of the 
later Sub-groups. They form extensive mixed crystals both among themselves, and with the 
other metals of the transition series (cf. Tables 13, 17. 2 r). It is only with the metals standing 
lurthest from them m the transition series (the transition metals of Groups III and IV also 
Nb and Ta) that they display just restricted miscibility (cf. Tables 9 and 13). On the other 
hand, they usually show very little or no ability to form mixed crystals with the elements of 

• These data are for the modification stable at ordinary temperature. Crystal structures 
of the other modifications are given on p. 262 (see also Fig. 36, p. 263), pp. 291 and .309. 




Groups IB and IIB (cf. Table 30). An exception to this generalization is provided by the 
behavior of the IB metals, and probably Zn, towards Ni, Pd, and Pt. 

As far as the ability to form compounds is concerned, the metals of Sub-group VIII behave 
towards those of Sub-groups III, IV, V and VI (except vanadium and chromium) in the 
same way as they do to the elements of Main Groups III to VI. Almost all the Sub-group 
VIII metals combine with the metals of Group IIB, and especially with zinc, toformHume- 
Rothery phases (cf. p. 22). In general, no compounds are formed with the metals of the 
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2* General 


Iron cobalt, and nickel display a considerable similarity to each other, both in the 

metallic state and m their compounds. Iron is also related in its behavior to 

manganese which precedes it in the Periodic Table, and which generally occurs 

with It m Nature. The properties of nickel lead naturally to those of copper, the 

foUowmg element in the Periodic Table. The metals of the iron series share the 

property of being usually bivalent in their simple salts. Iron can also be tripositive, 

and ^is vaknce state is preferred in some compounds. Cobalt can also be con- 

verted to the tnpositive state, and is in fact especially stable in this state in its 

complex compounds. In salts, however, unlike iron, itvery rarely functions as 

tnvalent, and it appears that nickel cannot be tripositive in salts at all, except in 

certain complex salts. Conversely, the capacity for acting as unipositive increases 

from iron to nickel, corresponding to increasing proximity to copper, which readily 
exhibits a + i state. rr ^ 7 

Whereas iron, like manganese, can relatively easily be converted into com¬ 
pounds in which It IS present in the+6 state U^alts{VI)], cobalt and nickel can, 
at most, be Mraposxtiie. They form dioxides which have a strong tendency to 
decompose with loss of oxygen, and which combine with strongly basic oxides to 
fom the rather unstable cobalitUs [cobaltatcs(IV)] and nickdiles [nickelates{IV)]. 

(yZl\ "iTll F ’ crystallize with the rock salt structure 

(Vol. I, p. 209. Fig. 44). The hydroxides Fe(OH),. Co(OH)„ and Ni(OH)„like Mn(OH), 
have layer lattice structures of the brucite teyp (Vol. I, p. 261, Fig. 61). ' 

FeO CoO NiO Fe{OH), Co(OH), Ni(OH), 

0-4.29 4.24 4.17 0 = 3.24 3.19 3.07 A 

c =* 4*47 4.66 4.60 A 

The dichlo^ of the iron group meuU form layer lattices very similar to those of the 

™ T 7 °"Jy in that the negative ions are not 

m heimgonal c os«t packing hut are arranged approximately in cubic closest 

^Ci„ and N.Cl,, but also for MnCI„ ZnO,, CdCl„ and MgCl., as well as for NiBr, and 

The n^nosulfides of Fe, Co, and Ni (as also the mono-selenides, tellurides and anti- 
momdes) cr^talliae with the NiAs type structure (cf. p. 313). The cell dimensions of these 
Minpounds have the values given m Table 31 (p. ago). Some of the compounds listed in 
lable 31 also exist in other modifications (cf. pp. 295, 313). 

IS dimorphous (pyrite and marcasite structures). CoS, and NiS. 
md the diselenidw CoSe, and NiSe„ all crystallize with the pyrite structure, whereas’ 
t^cSe, and FeTe, have the marcasite structure. NiTe* has a crystal structure of the brucite 
type, and CoTc, can exbt with both the marcasite and the brucite structures. There is a 
b'betwee^'r^'^T'FT” nionotcUurides of Co and Ni to the ditellurides, just as there 

metals iron, cobalt, and nickel, when present in the finely 
dwded state, is their considerable capacity for absorbing hydrogen. Schlenk and Weichsel- 
leider have claimed that hydrides with stoichiometric compositions—FeH,, CoH,, NiH^_ 
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could be obtained by the action of hydrogen on ethereal solutions of FeCl^, CoCls, and 
NiClj, in the presence of phenyl magnesium bromide. It was suted that a compound still 
richer in hydrogen, namely FcH„ was formed with iron trichloride. However, the existence 
of these hydrides has not been substantiated. 

TABLE 31 


CELL DIMENSIONS OF SULFIDES, ANTIMONIDES, SELENIDES, ETC. OF THE 

IRON SERIES METALS 

(5 = shortest interatomic distance M ^ S) 


FeS 

/?-CoS 

^-NiS 

FeSe 

CoSe 

^-NiSe 

FeSb 

CoSb 

NiSb 

NiAs 

n = 3-43 

3-37 

342 

3.61 

3-59 

3-66 

4.06 

387 

3*92 

3.61 A 

f = 5.86 

5-»4 

5-30 

5-87 

5-27 

5-33 

5*3 

5-*9 

5 -” 

503 A 

5 = 2.45 

2-33 

2.38 

2.55 

2.46 

a.50 

2.67 

2.58 

2.60 

2.43 A 


Tlie relationships between the stability of the strong complex compounds of 
the iron series metals and the oxidation states of the central atoms are noteworthy. 
Whereas with iron^ for example, the complex [Fe(CN)«]^“, with a dipositive 
central atom, is more suble than the [Fe(CN)a]^“ complex which contains triposi- 
live iron, with cobalty on the other hand, the complexes that are especially stable 
are those containing the element in the /npositive state. In the presence of sub¬ 
stances with which it can form strong complexes cobalt is extremely readily oxid¬ 
ized to the -I-3 state. Dipositive nicJuly when it is present in the form of certain 
strong complex compounds, is converted immediately to the ^^mpositive state 
even by the action of oxidizing agents such as Og and HgOg, which are not extre¬ 
mely powerful. 

These relationships between the oxidation states of the central atoms and the stability 
of the complexes can be understood in terms of the theory developed by Pauling for complex 
compounds of the transition elements. The complexes here considered are of the penetration 
type. In the penetration complex formed by the union of six CN* ions with one Fe*+ ion, 

~NC /CN^*- 
NC^Fe^N , 

LNcr ^CNj 

the centra] atom possesses 18 electrons (sd'** 4^* 4/*) beyond its argon shell. The central 
atom in the complex thus possesses a krypton-like electronic configuration. The difference 
between the actual krypton configuration and that of the complex is that in the latter the 
three 4^1evel5 and the 4f-level are hybridized with each other and with two of the gd-levels 
(cf. Vol. I, Chapter 9). The hybridization is accompanied by the pairing of d-electrons 
which were originally unpair^ in the free Fe*'*' ion, the energy required for this pairing 
being more than compensated by the extra stabilization energy resulting from ^e hy¬ 
bridization process. A situation like that encountered in the [Fc(CN) complex exists 
for the penetration complexes of Co”* and Ni*'' in which there are present six ligands each of 
which shares two electrons with the central atom (see Table 3a). Complex compounds of 
tetrapositive nickel are obtained, as Hieber [Z' onorg. Chan. 369 (195a), 1 a] has shown, only 
with ligands which have an especially great aflinity for nickel. TTic enei^ required for the 
oxidation of Ni° to Ni*'' is considerably greater than that necessary for the conversion of 
Fe“ to Fe“ and of Co“ to Co“. This is brought out by a comparison of the oxidation poten¬ 
tials for the elementary ions in aqueous solution: 


2 


GENERAL 
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TABLE 32 

ELECTRONIC CONFIGURATIONS IN ELEMENTARY AND COMHl. F. X IONS (^F THE 

METALS OF THE IRON SERIES 

The electronic spins are shown by means of arrows, and the hybrid levels by boxes. 


Ion 


Fe*+ Co»+, Ni«+ 


Electronic configuration 
Argon configuration -f- | 3^* 


(Fcn(CN)e]^ 


[Coi>«(CN),] 


CFe«»(CN ),]3 


[Con(CN),]*- 


Argon configuration-f 


Argon configuration-|- 






3 ^“ 





.•\rgon configuration + 



liliilliniiliHilliHiHil 


Argon configuration+ 


Argon configuration+ 





.“\rgon configuration + 


lilBIHiinfiliiliiliHil 




.Argon configuration-f- 








4 /»* 4 ^ 


UfiUlillillfjliinjlill 


Argon configuration + 




Argon configuration+ 




4 />* 4 ^' 



Argon configuration-f 


KHillilliliiililiiiliffiHII 


3 rfi 



BiiBKilillilKHIlBIBl 



Fe++ = Fe+++ -f- e 
—0.77 volt 


Co+-*- = Co++-*' + e 
—1.84 volts 


Ni*'^ = Ni^'*’’*’'*’ + 2 e* 

—2.1 volts 


The greater stability of the [Fe(CN)e)*- ion as compared with the [Fe(CN),] 3 - ion can be 
understood directly from the oxidation potential for Fe*^ -*■ Fe*“*■■*■, in as much as the 
energy which must be expended to free two </-lcvcIs of the central atom for entry by the 
binding electrons supplied by the ligands is practically the same for both complex ions. 
Two rf-clectrons which are unpaired in the elementary ions must be paired in both Fe>' 
and Fe™ in order to form the penetration complexes (see Table 32). Since the [Fe(CN)8]^ ■ 

♦ The oxidation potential for the reaction Ni + *- = Ni+-»^+^ 4- 2e is estimated from the 
measured potential of—1.75 volts for the reaction Ni^^- + 2H,0 = NiO, + 4H^ + 2e. 
the assumption being made that the difference between this measured potential and that for 
the elementary ions is equal to that between the corresponding potentials for lead (cf Table 
103, Vol. I). 
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ion contains only paired electrons, it is diamagnetic. The (Fc(CN),]®- ion, however, 
contains one unpaired electron and is therefore paramagnetic. 

Whereas energy is liberated in reaction Fc+++ -► Fe++, energy is required to convert 
Co'^+ to Co^++. The amount of energy required for the latter conversion is considerable, as 
(he value for the oxidation potential shows. That the [Co"'(CN),]® • ion is, however, 
considerably more stable than the [Co"{CN),]^- ion is attributed by Pauling to the fact 
that inorder to free two rf-lcvcls of Co" for entry by electron pairs of the ligands, one electron 
from the ^rf-levels must be promoted to a 4</-lcvcl. For Ni" to form a [Ni"{CN.),]*- complex, 
(WO electrons from 3rf-lcvels must be promoted to 4rf-levels. However, Ni" can form a 
[NI(C>N)4]* penetration complex directly. Through the pairing of both unpaired electrons 
in die Ni*"^ ion there is made available a 3rf-Ievel, which admits the two binding electrons of 
a CN group, the other three cyanide groups being disposed in 4s- and 4^-levcls. Therefore, 
in the (.\i(CN)4]2- complex the <ight binding electrons have the configuration 3<f*4J*4^*, 
and ill this case, as was stated in Chap. 9, \'ol. I, the ligands have a planar arrangement, 
whert as the complexes described in Table 32 have an octahedral configuration. The com¬ 
plex (Ni{CN ),]2 , like the [Fc{CN),]* and (Co(CN),]’- ions, is diamagnetic, the electrons 
in the three complexes being all paired. 

What has been said regarding the cyano complexes applies also to other penetration 
(omplexes of the metals of the iron scries which possess six ligands, each of which has a pair 
of elet irons a\ ailablc for binding. The stability of the various complexes is naturally in- 
lluenced by the nature of the ligands; for example, the reduction potential of the 
(Co(CN)j]’ ion is —0.83 volt in comparison with -f-o.i volt for the [Co(NH3)j]*+ ion. 
I he tendency for the formation of the (Co{CN)4]’- complex is so great, that the cobalt(II) 
cyanide complex decomposes water with the evolution of hydrogen. On the other hand, the 
com[)lcx [Co(NH3)j]*^ is perfectly stable in aqueous solution in the absence of atmospheric 
oxygen. However, in contact with oxygen, in concordance with the low value of its oxidation 
potential {—o.i volt), it reverts directly to the [Co(NHj)4]®''' ion. 


3. Iron (Ferrum, Fe) 


(a) Occurrence 

Iron is the most widely distributed of the heavy metals in the earth’s substance. 
In the crust of the earth it occurs almost exclusively in the form of its compounds. 
1 1 is very rarely found in the native state in the rocks which form the surface of the 
earth, although it is occasionally found in small amounts, as inclusions in basalt. 
On the other hand, metallic iron forms the chief constituent of many meteorites 
{siderites), and it has been assumed that the core of the earth consists essentially of 
metallic iron. In the meteorites iron is alloyed with nickel, which usually makes 
'JP 5*5 20 per cent by weight of the alloy. Meteoric iron is not infrequently 

accompanied by iron(II) sulfide (troilite), iron phosphide, and iron oxides. 

The most important ores for the extraction of iron are the oxides— hematite^ 
FcjOj, magnetite, Fej04, brown iron stone, limonite FcjOj • H ,0 or FeO(OH), 
and the carbonate, FeCO„ spathic iron ore or siderite. 

These ores are found in almost every country in the world, although not always 
in a form which can be smelted. 

The British iron industry was originally based largely on the ironstone and limonites of 
the Wealden beds in Southern England, the forsets of the Weald providing the charcoal 
used for smelting. At present, the principial British ores are probably the black-band 
ironstones (siderites) of the Cleveland District of Yorkshire, and the ironstones of the North 
Midlands. The steel industry in Britain, as in Germany and other Western European 
countries, draws much of its ore from Sweden and other external sources. The Swedish bog 
iron ore. which contains a certain amount of phosphoric acid, has an iron content of about 
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46% Fe after dr>-ing at too“. Similar ores found along the Dutch and North German 

coastal plains generally have too high a content of sand and of organic matter to be sme!t<*d 

conveniently, but they possess excellent absorptive properties for hydrogen sulfide and find 

extensive uses as purifying materials for town’s gas. In North .\merica, about 83% of all the 

ore smelted comes from the Lake Superior District (which includes Minnesota. Michigan 

Wisconsin and Ontario)—largely soft hematites and limonites. The annual production of 

ore from the Mesab. range, shipped across the Great Lakes from Duluth, is more than 

100 million tons. There are also great reserves of ore In the form of tczco/uVcf-siliceous 

iromton^, containing about 27^0 FcjO^ and 50°; SiOj, but these cannot be employed 
without benenciation. ^ 

The iron compound most widely distributed in nature is /nnVc, FcS,. The ore is not 
directly suitable for smelting, however, both because of its high sulfur content and because 
It coritains the sulfides of copper and other metals which are undesirable as impurities in 
metallic iron. However, the roasted pyrite (‘burned pyrite’) which is a residue from the 
manufacture of sulfuric acid is smelled for iron, after the impurities which are undesirable 
for this purpose, ahhough often valuable in themselves, have been removed in special 
rehneries: silver and gold are present as well as copper and zinc. 

Many silicates also contain considerable amounts of iron. The products of their weather¬ 
ing are carried away in suspension by the rivers, and deposited in the form oi marl (i e 
clay contaminated with iron oxide and sand). ' 


(b) History 

The use of iron been known since the earliest historical times, and seems to be as 
ancient as the use of bronze. In early times, and at the present time also among peoples in a 
fow stage of cultural development, it was prepared by the so-called bloomery hearth, or 
Catalan forge. Iron or« were heated m a shallow trench with a large excess of wood 
charcoal, fanned by a bellows. By this means, more or less coherent lumps (blooms) of 
wrought iron were obtained, and were welded together by strong hammering. .\s technoloey 
advanced during the Middle .Ages, the trench or flat hearth was replaced by a small shaft 
furnace, and from this the present day blastfurnace has developed. The use of water power to 
operate the blast was introduced during the 14th century. The consequent very considerable 
increase in furnace temperature resulted in the production of iron with a much higher 
carbon content than formerly, namely cast iron. At first, indeed, this was not malleable but 
It was soon discovered how this might be converted into malleable iron by a second heating 
in an ample supply of air (refining). The iron industry received a great impetus at the end 
of the i8th century, when the demand for iron began to increase tremendously, as a result 
of the invention of the steam engine and the railway. The shortage of wood charcoal led to 
the introduction of coal and coke, both as fuel and as reducing agent. Coke was first used in 
the blast furnace by Abraham Darby, in 1732. The refining process underwent fundamental 
improvements during the 19th century, through the introduction of the blast refining method 
(Bremer process 1855, Thomas-Gilchrist process 1878) and of regenerative heating 
(Siemens-Martm process 1865). In more recent times, smelting in the electric furnace has 
been mtroduced for the production of certain high grade steels. 


(c) Production of Iron 

Chemically pure iron can be prepared either by the reduction of pure iron oxide 
(best obtained for this purpose by heating the oxalate in air) with hydrogen, or by 
the electrolysis of aqueous solutions ofiron(n) salts—e.g.. ofiron(II) ammonium 
oxalate. On the technical scale, pure iron is prepared chiefly by the thermal de¬ 
composition of iron pentacarbonyl. 

The so-called ‘carbonyl iron’ prepared in this way initially contains some carbon and 
oxygen in solid solution. These impurities can be removed by suitable after treatment. 
It has not been possible to detect the presence of S, P, Cu, Mn, Ni, Co, Cr, Mo, Zn, or Si 
in carbonyl iron, even by the most rigorous analytical procedure. .According to the con¬ 
ditions under which the decomposition of the iron carbonyl is carried out, the iron may be 
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obtained in the form of a uniform mirror or layer, in a porous form (similar to that which is 
deposited cicctrolytically from aqueous solutions), or as a dense fine-grained powder (from 
which extraordinarily homogeneous molded forms may be produced, by pressing and 
heating—c.g., to 1000°: ‘powder metallurgical’ or ‘sintering’ process), or finally as ex¬ 
tremely voluminous cotton-wool like flocks, of which a liter weighs only about 10 g. In this 
last form the iron is extremely reactive, so that it can be ignited by a spark. 

Although chemically pure iron [8] is growing in technical importance (cf.p. 262), 
incomparably greater importance attaches to the production of ordinary technical 
iron, which is not the pure metal, but is essentially an alloy of iron with carbon. In 
addition to carbon, however, technical iron [p] contains a whole range of other 
elements, which arc cither alloying components added intentionally, or impurities 
which are more or less deleterious. The properties of the iron are influenced in a 
high degree by the carbon and other constituents, even if they arc present in 

quite small amount. The properties also 
depend to a considerable extent on the 
previous treatment of the alloys con¬ 
cerned. 

The preparation of technical varieties 
of iron [1-7] can be divided into two 
sections, the first involving the reduc¬ 
tion of the ore to an impure metal 
(crude iron, pig iron), whereas the 
second covers the production of sorts of 
iron with specified properties, such as 
are required technically, by removing 
the impurities and adding valuable 
alloying components if necessary.— 
c.g., wrought iron and steels. The first 
process, iron smelting, is carried out in the 
blastfurnace. The second, refining i.e., 
conversion to wrought iron, steel, etc., 
was formerly effected by puddling or 

mosdy by the blast-refining (Bessemer) 
and Siemens-Martin processes, whereas 
Fig. 29. Schematic diagram of blast furnace. crucible melting and electric furnace 

methods are used for special steeb. 

^i) The Blast Furnace Process. The blast furnaces ordinarily used for the produc¬ 
tion of pig iron or cast iron* are shaft furnaces, usually 60 to 100 feet high, 
liuilt from refractory bricks or Dinas bricks in the shape sketched in Fig. 29. 
Oxidic iron ore, broken up into lumps the size of a fist, is fed in from above in 

* Pig iron can be produced in the electric furnace instead of in the blast furnace. In 
this case, carbon is used only as the reducing agent, and not as fuel, since heating is eflccted 
by means of the electric current. Electric furnaces for thb purposes are best constructed as 
short shaft furnaces, and not as blast furnaces [cf. Elektrochem., 42 (1936) 337]. In 
general, the use of electric furnaces comes into question only in countries which arc poor in 
coal but rich in water power (e.g., Sweden). The world production of iron by the electric 
furnace is less than 0.1% of the total production. 


hearth refining, but is now carried out 
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layers alternating rvith layers of coke, while pre-heated compressed air is blown 
m at the b^e through so-called tuytres. The air burns the coke, and the carbon 
monoxide thus formed liberates the iron from its oxides: 


3CO + FcjO, = 2Fe + 3CO, + 5.7 kcal 


(r) 


Reason (i) is reversible. In accordance with Le ChatcHcr’s principle, the equilibrium is 

temperature. Hence reaction (i) takS place pre- 

furnace. Reduction to ironai) oxide 

proceeds to some extent in this zone of the furnaces 


FejOj + CO = 2 FcO + CO, 

(see below). In the lower, very hot zone, reduction takes place directly by carbon: 

FeO + C + 34.5 kcal = Fc + CO (a) 

In the lowest zone of the furnace the heat is so intense that the iron melts and 
runs down. The space which is emptied through this, and through the combustion 
of the coke, is conunually filled up again as the burden sinks down 


If iron is present in the 
before introducing it into 


ore as carbonate, this is converted to the oxide by roasting 
the blast furnace: 


2FeC03 + iO, = Fe, 0 , + 2CO,. 

Powdered or« are briquetted into lumps of a suiuble sire, by the addition of some bindine 
agent. In order to remove the gangue, with which the iron ores are almost invariably 
contaminated, baste matcnals (usually limestone) are added if the gangue is acidic (silica 
and aluminah and acidic substances (slate or granite) are added if the gangue is basic 
(hm^ton^. These so-called fluxes combine with the gangue to form fusible slags, and 
thereby effect a separation from the iron, which sinks through. At the same time the slae 
covers the iron and protects it from oxidation by the air blast. The molten iron is tapped 
every 4-^ hours from an opening—the ‘iron notch’—close to the base of the furnace The 
slag IS also run off from ume to time through an opening (‘slag notch’) at a suitable level 
Alwve the level where the tuyeres are introduced (the ‘tuyere line’), the blast furnace first 

boshes—and then gradually narrows again in a long 
shaft. The direct reduction of iron oxide by carbon in the lower part of the furnace involves 
absorption of heat (cf. eqn. 2), and the temperature in the blast furnace therefore 
decreases rapidly m a vertical direction in the neighborhood of the boshes. At the tuyere level 
\tis over J6oo^ At the juncUon of boshes and shaft, the ‘coalsack’, it has dropped to 800'’ 
The faU of temperature along the shaft then becomes relatively gradual. In the lower two 
thirds of the shaft it drops from 800® to about 600®. In the upper part of the shaft, it falls 
rather more steeply, and the temperature of the gases issuing from the upper opening, the 
throat IS about 200®. The peculiar shape of the blast furnace is intended to allow both for the 
rapid expansion of the blast gases, through heating and the formation of carbon monoxide 
m the region of the boshes, and for the unhindered spreading of the burden as it is introduced 
from above, and slips down into the increasingly hotter zones of the furnace. In the portion 
of the furnace below the tuyeres, the ‘hearth’, the molten iron collects. The sole of the 
fiimace which is continually covered by the molten iron, the ‘hearthstone’, is shaped so as to 
key it in position, so that it cannot be tom from its fastenings by the buoyant action of the 
specifically heavier iron. 

The ore, introduced into the blast furnace through the ‘cup and cone’ at the throat is 
pre-heated and simultaneously dehydrated in the upper part of the shaft, by the ascending 
hot gases. Reduction of iron(III) oxide by carbon monoxide begins below 400®. It leads 

• The heats of reaction shown in this and subsequent equations are the values holding at 
ordinary temperature. 
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in ihe first place, to iron(II,ni) oxide, Fc, 0 „ and then, in the lower part of the shaft, 
above 700°, to metallic iron, which is at first still solid and porous: 

SFe.Oa + CO = aFc.O* + CO, + 8.4 kcal* {3) 

FcjO* + 4CO = 3 Fc + 4CO, -f- 4.3 kcal (4) 

In order that reduction should proceed practically to completion in the time available, a 
fairly considerable excess of carbon monoxide must be present. The gases issuing from Ac 
throat arc therefore always rich in carbon monoxide. A portion of the carbon monoxide 
decomposes, in contact with the porous iron, according to 

2CO = C -t- CO, -I- 38.6 kcal (5) 

since carbon monoxide is not stable by itself below 1000® (Vol. I, p. 441). The solid carbon 
formed by this decomposition is deposited upon the iron, and as the iron sinks down, and 
its temperature rises, it takes up more and more carbon. The melting point of the iron is 
thereby lowered, and it liquefies. In the course of its passage through the lowest layer of 
coke, through which it trickles, the molten iron has the opportunity to pick up still more 

carbon. 

Reaction of the fluxes with the ganguc takes place concurrently with the reduction of the 
iron oxide. Some of the iron(n) oxide, formed by partial reduction, at first enters the 
resulting slag, in the form of a silicate, and b thereby removed from furAer reaction wi A the 
carbon monoxide. However, while the molten slag runs through the layer of coke below it, 
the iron is reduced from the silicate (cf. cqn. (a), p. 255), together with some of the manga¬ 
nese present, phosphorus and, to a lesser extent, silicon. 

Once a blast furnace has been ‘blown’, it must be kept in uninterrupted operation. When 
external circumstances make a break in its working unavoidable, all the openings in Ae 
furnace arc luted over, to protect Ac contents as far as possible from the entry of air and Ae 
loss of heat. Under favorable conditions, the furnace can be started up again even after 
more than a month’s interruption. 

The stack gases, which conuin about two Airds of the carbon burned in Ae form of 
carbon monoxide, arc freed from dust and burned in so-called Cowper’s stoves, to pre-heat 
the blast air (which enters the furnace Arough the tuyeres at about 800®), and to supply 
power to drive Ae blowers. The slag is widely used as road metal, molded wiA clay to make 
building stones (‘breeze’ blocks), and also for Ac manufacture of cement (‘iron portland 
cement’). Some of Ae pig iron obtained from Ac blast furnace is used directly for cast iron, 
but by far the greater part is converted into steel or wrought iron. 

(it) Refining In addition to otherimpuritics,suchassilicon,manganese,phospho¬ 
rus (and often sulfur also), the pig iron produced from the blast furnace contains 
considerable amounts of carbon. This makes it brittle, and not malleable. It melts 
sharply when it is heated, without softening previously, as wrought iron and steel 
do. The conversion of pig iron to malleable iron is known as refining. 

(ttt) Charcoal Hearth Refining, The oldest method of producing malleable iron from pig 
iron is Ae charcoal hearth refining process. In Ais, the pig iron is melted wiA wood 
charcoal in a container (the hearth) made of cast iron plates, and blown wiA compressed 
air (Fig. 30). To convert grey cast iron into wrought iron, Arcc fusions arc necessary. The 
first time (called ‘fining’), only the most easily oxidized impurities in the iron (siliconand 
manganese) are burned. Oxidation of the silicon, which is present in Ae iron as silicide, 
takes place essentially according to the equation: 

FeSi + jOj = FeSiO, (iron metasilicate or ‘bisilicatc’) (6) 

Iron orthosilicate, Fe,Si04 (‘singulosilicatc’) is formed at Ae same time, and manganese 

* See footnote on preceding page. 
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siHcale also if manganese is prcseni. In the second fusion (‘first refining’,, oxidation of tfi. 
phosphorus contained in the iron takes place, roughly according to the equation: 


aFejP 60, = Fe,{PO,), 4 - FcjO, 


f 7 


At the same time, some of the iron is oxidized to iron(II.lII) oxide, and this brings about 



f"*?- 30 * Hearth refining furnace. 

The hearth H is encased in cast iron plates. The base plate B may be cooled by means of 
water in the container A. The hot flame gases pass over the pre-heating hearth C, on which 
IS stacked the crude iron for the next charge. Before entering the stack, a porUon of the Hue 
gases IS passed through the chamber D, where it pre-heats the blast air which is injected into 

the furnace at E. 


the oxidation of a portion of the carbon which is dissolved in the iron chiefly in the form of 
iron carbide, FcjC: 

SFe + 20j = FcjO, (ff) 

FcaO* + 4Fe,C = isFe + 4CO (t)) 

The iron thus obtained still contains i to 2% of carbon—i.e., is a sUel. To convert this into 
true wrought iron, a further refining is necessary. In this last stage, the ‘thorough refining’ in 
which the iron is no longer completely molten, because of its greatly reduced carbon 
content, iron(II,III) oxide is again produced {refining slag). This then reduces the carbon 
content to less than 0.5% according to eqn. (9). It is usual to expedite the decarbonization 
by adding Fc304 from a previous operation. 

In the hearth refining process, the sulfur contained in the iron is volatilized as sulfur 
dioxide, and the more prolonged the refining, the more complete b the removal of sulfur 
The charcoal hearth refining process yields a very pure iron, with a relatively low slag 
content. It has therefore been able to persist in a few regions which are very rich in wood. 
(Sweden, Russia). 

{iv)ReveTheratory Funuue Refining [Puddling). The reverberatory furnace or puddling 
proce^ differs from the foregoing in that the iron is not melted in a hearth which also 
contains the fuel, but in a reverberatory furnace—i.e., a furnace such as that shown in 
Fig. 31, in which the flame from the fuel (usually coal), burning on the grate of the com¬ 
bustion chamber R, passes over the iron, which is contained in the flat trough 7”.(the hearth 
lined with hematite, FcjOg). The essential feature of the puddling process is that the molten 
iron is stirred, and thereby brought continually into fresh contact with the air and with the 
iron oxide of the hearth lining. This enables the removal of carbon to proceed so far that 
wrought iron is produced in a single operation. The stirring is spoken of as ‘puddling’. .As 
the carbon is lost, the iron becomes increasingly pasty, until ultimately the furnace temper- 
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aUire is no longer high enough to keep the iron completely melted, and forms large balls or 
‘blooms’. These still contain considerable inclusions of slag, which is removed by hammering 
.and rolling. 

It is also possible to produce steel by a puddling process. In this case, as soon as the 
‘balling’ stage is reached, the melt is heated with a reducing flame. In order to ensure that 
the impurities (silicon and phosphorus) arc nevertheless completely oxidized, it is necessary 
to heal to a higher temperature and for a longer period than when wrought iron is produced. 

(^) Mild Steel and Ingot Suel. The Crucible SUel Process. Iron obtained by melting the blooms 
produced by puddling or by the charcoal hearth refining process is known as wrought iron. 
It is always more or less inhomogeneous, by reason of the particles of slag which cannot 
be completely removed, and is apt to split in consequence. In the middle of the 18th 



Fig. 31. Reverberatory puddling furnace. 


century, Benjamin Huntsman, a Sheffield watchmaker, had the idea of making the steel 
used for producing clock springs more uniform, by remelting it in a crucible. The process 
was subsequently developed by Krupp, in Essen, for large scale operation, and is still used 
for the production of high grade steeb, under the crucible steel process. The crucible 

process can be used not only to homogenize already refined iron, but can be made to effect 
refining simultaneously. In this case, the pig iron, which is to be melted with the addition 
of iron oxide, must be free from phosphorus and sulfur, since these substances are not 
removed by the crucible fusion. Melting b carried out in crucibles made from a mixture of 

refractory clay and graphite, each holding about 50 kg of iron. A 
dozen or more of such crucibles are, placed in a long, narrow cham¬ 
ber, in which they are heated by a Siemens regenerative furnace 
(see below). 

(vi) Air Blast Decarburization Processes. Bessemer and Gilchrist- 
Thomas Processes. The air blast processes depend upon blowing 
compressed air (blast) through the molten iron, and this bums 
the carbon and other impurities out of the iron. The oldest 
process, still used for decarburizing pig iron of very low phos¬ 
phorus content, is the Bessemer process, which was invented 
in 1855 by the Englbh steelmaker Henry Bessemer. The 
process is carried out in a pear-shaped vessel, the Bessemer 
converter, Fig 32, which is furnished with a refractory lining, 
and can be tilted roughly about its centre line. It has an 
Bessemer ccm^vcrtcr. opening at the top. Pig iron is run into the converter—most 

conveniently, straight from the blastfurnace—while it is in the 
horizontal position. It is then raised to the upright position, and a blast of air is 
blown through the molten iron from the perforated base of the converter. This 
oxidizes the impurities present in the iron, and the heat of oxidation is so great that 
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the iron remains molten in spite of the 
accompanies decarburization. 


considerable rise in melting point whicli 


refining, it is possible in principle to distinguish three stages in the 
Burner process, corrcspond.ng to the fining, first refining, and thorough refining al hou.l 
hose stages are not nearly so clearly differentiated. This is due in part fo the high icZcrl- 

^rea’t '"greasing the oxidizability of the carbon, and in part to the much 

g eater rapidity of the whole process of blast refining, which is usually complete within 

irL st n possible for almost completely decarburiz^d Bessemer 

It U no« hP ^ relatively high silicon content. For many purposes this is advantageous 

The original Bessemer process could produce satisfactory wrought iron or steel only from 
pig irons with a phosphorvj conlrnl o/Uss ihano.i-^. This is because the continuous infimate 

carbon-containing iron perpetually regenerate! Ton 
phosphide from the primarily oxidized phosphorus: 

Fe3(P04)j -h iFcaC + 3FC ^ zFe,? + 6FeO + 2CO (ro) 

The silica present in the refractory lining of the converter favors reaction to the right 
since It reac^ with iron(II) oxide to form silicate. Hence iron cannot be freed from’ 
phosphorus by the Bessemer process in its original form-the so called ‘acid Bessemer 
process . Phosphorus in arnounts exceeding o.i% is a most undesirable impurity in iron 
however, since it renders the metal brittle at ordinary temperature (‘cold short’). 


It first became possible to decarburize pig iron with an appreciable phosphorus 
content m the Bessemer converter when Thomas and Gilchrist in England, in 
1878, provided the converter with a basic lining (of calcined dolomite). This com¬ 
bines with phosphoric acid, and protects it from reduction. The action of the 
basic lining is promoted by adding lumps of quick lime. The so-called ‘basic 
Bessemer process' of Thomas and Gilchrist produces slags with a high phosphorus 
content (‘basic slag’), which constitute a valuable by-product. Finely ground basic 
slag is used as a fertilizer (‘Thomas meal’). 


The greater part of the transfer of phosphorus to the slag takes place, when the carbon 
has been practically completely burned. Figs. 33 and 34 give examples illustrating the 
course of the acid and basic Bessemer processes. The ordinates represent the percentages of 
carbon, silicon, manganese, etc. in the iron, as they vary with the duration of blowing 
It may be seen that, in the example represented by Fig. 33 (acid Bessemer process), silicon 
mostly undergoes oxidation in the earliest stages, and then the carbon is oxidized while 
the phosphorus and sulfur contents remain practically unchanged. Fig. 34 shows the course 
of the oxidation of phosphorus in the basic Bessemer process. 

Removal of sulfur is not effected by the acid Bessemer process, and must be carried out 
by adding manganese before decarburization (cf. p. 276). The basic Bessemer process is 
also unsuitable for pig irons which contain more than about 0.15% of sulfur. In general 
the Bessemer process can be applied only to pig irons of certain specified compositions. 

Decarburizing with the air blast reduces the carbon content of iron to a lower figure 
than is desired for technical purposes, especially when the basic process is employed. Hence 
before the converter is emptied, its contents are brought to some higher content by the 
addition of high-carbon ferromanganese (‘spiegeleisen’). The manganese has the property 
of dc-oxidizing such iron oxide as is dissolved in the iron; manganese oxide which is thus 
formed is readily rejected as slag. Numerous other substances can be used as de-oxidants in 
place of manganese—especially silicon, and also aluminum, vanadium, titanium, and other 
me^s with a high affinity for oxygen. Beryllium has also been used more recently. In the 
basic Bessemer process it b necessary to remove the slag, which contains phosphoric acid, by 
cautiously tilting the converter, before adding the de-oxidant. 
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{vii) The Siemens-Martin Process. In principle, the Siemens-Martin process isonly 
a reverberatory furnace decarburizing process which, through the use of higher 
temperatures, yields low-carbon steel (mild steel) in place of the wrought iron 



Timt, minijtts ^ Titn^, minutu 


Fig. 33. Course of decarburization, Fig. 34. Course of decarburization, 
etc., during *acid' blast refining. etc., during *basic* blast refining. 

obtained from the puddling process. The possibility of attaining the requisite 
temperatures was provided by the principle of regenerative firings introduced by 
the brothers Siemens in i860. This is a gas firing process, in which the heat of 
the flue gases is employed to pre-heat the fuel gas and the air. For this purpose 
they are passed through a pair of chambers packed with refractory bricks (‘re¬ 
generators’) in which they give up their waste heat. After some time, the flow of 
flue gases is switched so as to heat up another pair of chambers, while the producer 
gas and the air for its combustion, respectively, are passed through the now in¬ 
candescent regenerators. The flow of gases is reversed at regular intervals. The 
high temperature which can be attained in such a furnace was first used by the 
brothers Martin, in France, in 1865, for the production of ingot steel. 

Fig. 35 represents a Siemens-Martin furnace, such as is employed for the production of 
low carbon steel and cast steel. Mild steel was originally made in the Siemens-Martin 
furnace by melting pig iron with wrought iron—i.e., with iron which had already been 
extensively decarburized. It was soon found, however, that it was, possible to obtain steel 
and even wrought iron directly in the open hearth furnace. This can be achieved, in the 
first place, by so controlling the air supply that there is an excess of oxygen in the flames 
passing over the hearth which contains the iron, so that they exert an oxidizing action, and 
further by adding oxidic iron ores (e.g., hematite), hammer scale, or rusty scrap to the pig 
iron melt. The hearth is provided with an ‘acid* or a ‘basic’ lining, according as the pig 
iron is free from phosphorus or not. In the latter case, burned lime is also added, as in the 
basic Bessemer process. In this case, the extensively decarburized iron which is first obtained 
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must be carburized again, if it is desired to make steel, and must be simultaneously de- 
oxiaized, as in the Dessemer process. 

Siemens-Martin process is not restricted to pig irons of 
any particu ar composition, since m it the iron is heated from without, and not only by the 

heat of combustion of the impurities contained in the iron itself. It is also slower in operation 



. 35 - Siemens-Martin open hearth furnace. 

The iron ,s situated in the hearth H. The smaller of each of the pairs of regenerative heat 
exchangers M'j fVt, are used to pre-heat the producer gas, and the larger pair 
to pre-heat the combustion air. During one phase of the process, producer gas and air pass 
separately through the previously heated chambers Wy and IT,, while the products of 
combustmn flow through the checker work in IV, and IV,. The flow is then changed over 
so that the flue gases are passed through and IV„ while air and producer gas are being 

pre-healed in W, and IV„ respectively. 


than the Bessemer process, and this is beneficial to the quality of the iron since it permits of 
a more complete separation of the slag from the iron. A disadvantage attending the open 
hearth process is that it is difficult to avoid oxidation of the iron by the flame gases during 
the carbunzauon process that follows refining. 

{mil) EUctro-steel M<^ing. Furnaces with electric heating are now used to an increasing 
degree for the production of high-grade steels. They are employed, in particular, for the 
improvement of steels made^ by the Bessemer process, by remelting them, and also for 
^rbunzmg and de-oxidizing iron after refining by the Siemens-MarUn open hearth method 
Electricity is costly as a means of heating, but it has the advantage that there can be no 

action of flame gases on the molten iron, and it is possible to obtain iron alloys of exactly the 
compositions desired. 

(ix) MalUablizing. Small objects, such as bolts, nuts, etc., are commonly cast in white 
cast iron, and are subsequently converted into low-carbon iron by embedding them in iron 
oxide and heating them for a long time (about a week) to 850-1000'’—i.e., below the 
melting point. The iron carbide, Fe,G, contained in white cast iron thereby undergoes 
decomposition, with the separation of finely divided carbon. This diffuses outwards and is 
burned by the iron oxide. The process is known as malleablizing or Umpering, and the 
articles produced as malleable cast iron. 

(x) Cementation. In the same way as cast iron can be decarburized by malleablizing, it is 
possible to raise the carbon content of wrought iron by prolonged heating with powdered 
wood charcoal in the absence of air. The process is known as cementation, and the steel so 
made is called blister steel. The famous Damascene steel was produced from direct charcoal 
iron (i.e., from wrought iron made directly from the ore in the bloomery furnace) by 
cementation. In the i8th and 19th centuries, high quality tool steels were often made by 
cementation from thin wrought iron bars, which were subsequently welded together to a 
‘faggot’ (‘faggot steel’ or ‘shear steel’). 

At the present time, it is usual to employ cementation only to convert a layer near the 
surface of shaped mild steel objects into high-carbon steel. This process, used to produce a 
surface hardening, is known as ‘case hardening’. 
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(d) Properties of Pure and Technical Iron 

(,) Pure Iron. Pure iron [ 5 ] is a white, lustrous, rather soft metal {hardness 4. 5). Its 
spccificgravity is 7-86, and melting point .s^SMtexistsintwomodificationsmthe 
solid state, depending upon the temperature. At ordinary temperature, and again 
.il)ovc 1401", it body-centered cubic {a = 2.8605 A at 25 . but between 

noh and 1401“ the structure \s face-centered cubic {a = I'OO )■ tempera¬ 

tures below 768", iron xsferromagnelic (i.e., becomes strongly magnetized when it is 
placed m a magnetic field). The temperature (768^) at which it loses this 
^r„pcrtv—that is, the Curie point of iron—also shows up as a halt in the heating 
and cociling curves, in the same way as do the points (906® and 1401®) at which 
structural rearrangements take place. It is therefore usual to distinguish iron in its 
magnetizable state as a-iron. from the structurally identical, but not magnetizable 
torm. whith is known as ( 5 -iron.* The face-centered modification, which is also 
not magnetizable, is known as y-iron. 


In the icrnp.-ralurc interval from 768“ to 906". iron was formerly known as / 3 -iron. 
However no distinction can be drawn between the and c 5 .forms, and in pha^ diagrams 
of alloys where the y-range in mixed crystals is restricted, it is quite impossible draw any 

bouiKlarybctwecnthc//.andA-arcas.(Cf. Figs. 39.40, pp. 265. 266 ). . . . 

Unlike iron which contains carbon, pure iron has a very low rcmancnce, i.c., it instantly 
los(s its magnetization when the applied electric field is removed. For this reason it finds 
certain applications in electrotechnology—e.g., for electric motors and transformers, in 
whic h rapid fluctuations must occur in the magnetism of an iron core. ^ 

Thceoefricientofthermalexpansion(linear)ofpurcironbetwccno and 100 is i.fio , 

the thermal conductivity at 18^ is 0.17 cal.cm-'.sec-bdegrces-'. The specific heat is 0.1055 
at 0°, 0.1467 at 725°. 0.1571 between 785“ and 919°. and 0.1637 at the melting point. It 

changes but little further above the melting point. 


Iron has a great affinity for oxygen. It rusts in moist air—i.c., the surface gra¬ 
dually becomes converted into iron oxide hydrate. Compact iron rcacU with dry 
air only above 150°. When heated in air it forms the intermediate oxide. Fc, 0 „ 
which is also formed during the forging of red hot wrought iron (‘hammer scale’). 
In a very finely divided state—such as is obtained, for example, when iron oxalate 
is gently heated in hydrogen—iron is pyrophoric. 


Iron objects arc protected from rusting by covering them with coatings of other metals 
(e.g., zinc, tin, chromium, nickel) or with paint (red lead). A particularly effective protec 
lion from rust can be achieved by converting the iron superficially to iron(II) phosphate 
(‘phosphatizing’). {22] This is done by treatment with a solution of acid manganese or zinc 
phosphate. Mn(H,PO,), or Zn(H,P04), (‘Parkerizing process’). The phosphatizing process 
can be accelerated by suitable additions ( Bondcrizing ). 


In accordance with its place in the electrochemical scries, iron dissolves in dilute 
acids with the evolution of hydrogen and the formation of iron(II) salts. The nor¬ 
mal potential of iron in contact with iron(n) salt solutions is -1-0.440 volt at 25 , 
relative to the normal hydrogen electrode (Randall. 1932). If iron is dipped into 
a copper sulfate solution, it becomes covered with metallic copper: 

Fe -F Cu++ = -f Cu. 


• With other substances it is not customary to characterize the sutes above and below 
the Curie temperature by different letters. The designation ‘a- or ^iron* is therefore often 
used without distinction for the body-centered cubic form, both above and below the Curie 
point. 
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Iron loses this property of discharging lu drogen ions and copper ions if it is immersed 
in fummg nitric acid. It does not dissolve in the acid, but is converted to a state fHisuvUy 
in the same way as chromium (cf pp. 128, 750 et seq.). 

At ordinary temperature, iron is hardly attacked b^■ air-free water, since a covering liirn 
of iron(II) hydroxide is formed on it. and this has a protective actioei even when it is very 
thm. If air has access, however, the porous iron(III) oxide hvdratc is formed, and corrosion 
goes on continuously as a result. In the absence of air, iron is attacked by dilute sodium 
hydroxide still less than by water, chiefly because the OH - ions repress the solubility of 
Fe(OH), (furthermore, the deposition potential of the ions is raised, as follows from the 
increase in pH). CoruenlraUd sodium hydroxide, however, attacks iron, fairly strongU’. even 
in the absence of air. especially at high temperatures, since the FelOHi, goes into solution 
through the formation of hydroxo-salts when the OH" concentration is high (cf. p. 

Since the formation of hydroxo-ions at the same time depresses the concentration of Fe^ *■ 
ions in the solution to an infinitesimal value, iron has quite a strongly positive potential 
( + 0.86 volts) in concentrated (e.g., 40«'o) sodium hydroxide solution. Under some con¬ 
ditions, however, this can also be changed by passivation even in concentrated caustic soda, 
to a strongly negative value ( 0.65 volt). .As soon as this occurs, the iron r\o longer dissolves 

spontaneously, with evolution of hydrogen and formation of hydroxo-fcrrate(II) ions, but 
dissolves only under the influence of an applied potential, and then forms ferrate(VI) ions. 


Iron combines very energetically with chlorine when heated, and also with 
sulfur and phosphorus, but not directly with nitrogen. It has a strong tendency, 
however, to unite or alloy with carbon and silicon. These alloys are most impor¬ 
tant for the properties of technical icon. 


• OmAvanabte (or C afomt 



Fig. 36. Detailed structure of the textural constituents of iron-carbon alloys. 

y-iron austenite martensite a(8)-iron 

<»=3-59A (extra- a 3.63 A {for 8 a,, = 2.84, Co = 3-00 A a = q.86 A 

polated to room atom-per cent C) (for 6 atom-per cent 
temperature) C) 


(m) Iron-Carbon Alloys A variety of textural constituents can be distinguished in 

solidified iron-carbon alloys. The most important are the following: 


1. Ferrite 

2. Graphite'. 

3. Cemeniite: 

4. Austenite: 

5. Martensite; 

6. Ledeburite: 

7. Pearlite: 


pure iron—more strictly, a-iron. 
hexagonal crystalline carbon. 

a compound of iron and carbon, FcjC (contains 6.68% C). 
a solid solution of carbon in iron (more precisely, in y-iron). 
a metastable conversion product of austenite, formed by rapid cooling, 
a eutectic mixture of cementite with austenite (saturated with carbon), 
a eutectoid* mixture of ferrite and cementite. 


The formation of austenite depends on the fact that carbon atoms can take up positions 
at the center and in the middle of the cell edges of the unit cube of y-iron (see Fig. 36). 

* The term eutectoid is applied to a mbeture which is formed by an unmixing process in the 
solid state, in the same way as a eutectic is formed by the cooling of a melt. 
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If these sites were occupied in every unit cell, a compound FeC, with 50 atom-% C, would 
be produced. However, the crystal lattice of austenite is stable only when not more than a 
small proportion of the available positions is occupied by carbon atoms. This proportion 
may vary between o and 8 atom-% C. The C atoms thus built into the crystal lattice distri¬ 
bute themselves statistically between the cell centers and 
cell edges, and austenite has the characteristics of a‘solid 
solution’. The crystal lattice of y-iron is expanded uni¬ 
formly in all directions by the incorporation of the C 
atoms, but the expansion is small. 

MarUnsiU can be similarly regarded as a (supersa¬ 
turated) solid solution of carbon in a-iron. Like all super¬ 
saturated solutions, it is unstable (or metastable). As 
shown in Fig. 36, only a fraction of the sites available for 
C atoms is occupied in the martensite structure also. If 
all lattice positions were occupied, a compound FeC 
would result in this case also. As compared with the 
a-iron structure, the crystal lattice of martensite has under¬ 
gone tetragonal distortion; it is stretched in one direc¬ 
tion, and contracted a little in the two others*. 

CementiUy FcjC, as is shown in Fig. 37, has a con¬ 
siderably more complex structure (Shimura, 1931, 
Westgren, 1932). Another iron carbide, probably with 
the formula Fe,C, exists in addition to cementite. It b 
formed when iron is heated with CO at 225®, but 
decomposes at higher temperatures. It b apparently not 
obtainable by the direct union of iron and carbon. 

Fig. 38 represents the phase diagram of the iron-carbon 
alloys^ up to a content of 5% by weight of C. The melting 
point of iron is first lowered by the addition of carbon, from A to E, and b then rabed 

1526* 

IWO* 


5 1200* 

I 

1000* 

906* 

600* 

766* 

710* 

600* 


i,00* 

OP 1.7 U.2 

- Carbon cpntent 

Fig. 38, Phase diagram of iron-carbon alloys (simplified). 

* In addition to the ordinary tetragonal martensite, there b abo a cubic modification. 
This is produced from the tetragonal form by a slight shift in the position of the C atoms. 




Fig. 37. Structure of cemen¬ 
tite, FejC. 

a = 4.^2, b = 5.08, 
c = 6.73A. Fc^C=2.oiA, 
The Fc atoms form prisms, 
with the C atoms located at 
their mid-points. One such 
prism is shown in the diagram; 
two of its Fc atoms lie outside 
the unit cell represented in the 
figure. 
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again with further increase of carbon content. The eutectic point £ corresponds to 
4.2 o C. and a temperature of 1140'. A melt of iron containing 4.2 weight-'', 

of carbon solidifies in the form of Udeburiu. From melts with a lower carbon conti iu, 
mixed cr>-slals of y-iron with carbon {ausUniU) first separate. The mixed crystals have 
a lower carbon content than the melt, so that a melt having the composition corre¬ 
sponding to the point b on the liquidus curve .li'is in equilibrium with mixed crystals having 
the composition given by the point a on the solidiis curve AC. The melt is thus enriclied in 
carbon through the deposition of austenite. At the same time, the concentration of carbon 
in the austenite deposited rises continuously* until, 
at the point C, with a carbon content of 1.7 weight- 
°o C, this phase is saturated with carbon. The 
melt has then reached the point £, and the remain¬ 
ing melt solidifies as ledcburitc. Melts containing uu 
up to 1.7% of carbon therefore yield only auste- 
nite. and those with a higher content (up to 4.2'’o) Y'°°' 
give ledeburite as well, .\ustenite, however, isonly 
stable at high temperatures. When the alloy is 
slowly cooled, it undergoes transformation into a 
mixture oiferrite and pearlite, at temperatures be¬ 
tween F (the transformation temperature of y-iron 
into d-iron) and H (or D), depending on itscarbon 
content [G is the transformation temperature of 
d-iron into a-iron). Martensite, which is charac¬ 
terized by its extreme hardness, is formed as an in¬ 
termediate product in this transformation, and 
persists at ordinary temperature if cooling is 
effected rapidly (‘quenching’). Under microscopic 
examination on a polished section, martensite 
stands out clearly in the form of dark needles from 
the light, not yet transformed austenite. 

On passing to a melt with more than 4.2 
weight-% of carbon, cementite, FcjC, first sepa¬ 
rates on rapid cooling. When the carbon content 
of the residual melt has thereby been reduced to 
4 . 2 ®o. the rest solidifies as ledeburite. If cooling is 
allowed to take place slowly, however, graphite 
crystallizes out, for the most part, in place of 
cementite. This is because, at temperatures below 
the melting point, a mixture of iron and graphite 
is more stable than a mixture of iron and cement- 
itc. Hence the latter is slowly converted into the 
former at about 1000'’. As a result of this trans¬ 
formation within the solid alloy, the graphite is 
deposited in an extremely finely divided state 
(‘temper carbon’). This fact, as already mention¬ 
ed, is taken advantage of in malleablizing. 

(iff) Other Iron Alloys. Examples of other iron 
alloys are given in Figs. 39-42, which represent 
the phase diagrams of the binary alloys of iron 



Fig. 


e = 
/ = 
i = 
h = 

k = 
/ = 
m = 
n = 


39. Phase diagram of the 
iron-silicon system. 

and b = melt -f FeSi 

and d = melt + FeSrj 
= melt -f- Si 

FeSi -f eutectic I 
FeSi -}- eutectic II 

FeSij -j- eutectic II 
FeSi, 

FeSi, -b eutectic III 
Si + eutectic III 
FcjSi, + eutectoid I 
FcjSi, + eutectoid II 
= d-Fe mixed crystals -f- 


Eutectic I 
FeSi 

Eutectic II = FeSi -b FeSi, 
Eutectic III = FeSi, -b Si 
Eutectoid I = < 5 -Fe mixed crystals 
(a-Fe mixed crystals below 490®) 
+ FejSi, 

Eutectoid II = FcjSi, -b FeSi 


with silicon, chromium, nickel, and manganese. 

The phase diagram of the iron-silicon alloys (Fig. 39), resembles that of the iron-carbon 
system, in that compounds as well as mixed crystals, appear in both systems. There is, 
however a fundamental difference between silicon and carbon, in their effect on the range 
of existence of the y- and d-phases of iron. In the iron-carbon diagram, the y-iron mixed 
crystals (austenite) occupy a fairly extensive field, whereas < 5 -iron mixed crystals are not 


* The austenite already deposited also takes up more carbon. 
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stable except for very low carbon concentrations*. Conversely in the iron-silicon system, 
the x-iron mixed crystals arc restricted to a quite narrow range, whereas the ^-iron mixed 

crystal field is of considerable extent. f.u j 

I he varying influence of the other alloy component upon the existence range of the y and 
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Fig. 40. Phase diagram of 
the iron-chromium system. 
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Fig. 41. Phase diagram of the 
iron-nickel system. 


0-phascs is shown even more clearly in the phase diagrams of the iron-chromium and iron- 
nickel alloys (Figs. 40 and 41). In both systems, except for a narrow region of inhomogencity 
at the junction between the y-and the < 5 - or a -phase, there is complete miscibility in the 

solid state. In the iron-chromium system, 
the range of stability of the y-iron mixed 
crystals is rather restricted, and that of 
the ^-iron mixed crystals is of very wide 
extent. By contrast, in the iron-nickel 
system, d-iron mixed crystals exist only 
in a very small field, whereas the range 
of existence of the y-iron mixed crystals 
extends over practically the entire dia¬ 
gram. 

The y-ipon mixed crystal range is also 
by far the most important in the phase 
diagram of the iron-manganese alloys 
(Fig. 42), which was discussed on p. 208. 
A noteworthy feature in this system is 
the strong decrease in the capacity of the 
components to form mixed crystals, as 
Fig 42. Phase diagram of the iron-manganese the temperature is lowered. (Regions of 
system (according to Wcslgren and Ohmann). inhomogeneity are indicated by shading 

in Figs. 40-42.) 

Whether the stability range of y-iron is broadened or contracted by any element which 
forms mixed crystals with iron is systematically related to the position of the element in the 
Periodic System. The atomic radius appears to be the prime determining factor [cf. Wcver, 
NaturwissenschafUn, 17 (1929) 304]. 

♦ In the field FHD of Fig. 38, the phases present arc austenite and < 5 - or a-iron of very 
low carbon content. Only a very narrow strip at the edge of this field (not shown in the 
diagram) is occupied by homogeneous 6 - or a-iron mixed crystals. In the same way, im¬ 
mediately beneath the point A in Fig. 38 there is a very restricted range (also not shown) in 
which d-iron mixed crystals, containing carbon, are present, similar to the nickel-containing 
< 5 -iron mixed crystals of Fig. 41. 
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Except for carbon and silicon, iron can lake non-tiietali into solid solution only in \<t\ 
minute amounts (cf. Table 29. p. 244-*,). Oxygen is dissolved by molten iron, as I cO; som-- 
of this is retained in solid solution on cooling (( 3 -iron can dissolve up to o.t^ weight-",,, 
a-iron only up to 0.04 weigh t-^„ of O in solid solution). The oxygen content of iron reduce' 
its workability wlien hot—produces ‘red shortness*. .Vitrogen is absorbed from the air b\' 
molten iron only in minimal amounts. However, if iron is heated in ammonia gas, an iron- 
nitrogen compound he^N is formed, which displays a considerable solubility in solid iron, 
and confers great hardness. This property is utilized in the surface-hardening of iron artic les. 
by heating them in ammonia {mtriding process)[/7]. In addition to the foregoing, there is a 
second compound Fc,N with a rather narrow range of homogeneity. .Xbove 660 this is 

transformed without change of composition into crystals of the compound FcjN, in which 
only one half of the available lattice positions arc occupied by nitrogen atoms. 

Hydrogen is also absorbed by iron at a red heat. The amount absorbed is small, and is 
proportional to the square root of the pressure. Electrolytic iron, however, may contain 
larger amounts of hydrogen, which make it hard and brittle. The hydrogen is driven off 
on heating, and the iron then becomes ductile. 

According to Frankenburger (1931), very considerable quantities of hydrogen and 
nitrogen (up to 6 or Nj per atom of iron) are taken up by iron in a slate of atomic 
dispersion, such as is obtained when iron atoms (from vaporized iron) are condensed with a 
large excess of some inhibitor (c.g., sodium chloride) so as to prevent the union of the 
condensing iron atoms into larger aggregates. It is probable that the attachment of the gas 
molecules to the Fe atoms can be attributed to the action of Van der Waals forces, in the 
same way as, e.g., in the formation of inert gas hydrates. (Vol. I, p. 102). Atomic-dispersed 
nickel behaves similarly. Neither nickel nor iron, in atomic dispersion, is able to take up the 
inert gases. 


{iv) Technical Varieties 0/ Iron. Ordinary technical iron contains silicon, manga¬ 
nese, and other impurities, as well as carbon, and the properties of the iron- 
carbon alloys may be modified to a considerable extent by these other constituents. 
Thus silicon represses the formation of cementite and favors the deposition'bf 
graphite, whereas manganese acts in the opposite manner. 

The influence of silicon, manganese, etc. on the range of existence of the various modi¬ 
fications of iron, as discussed on p. 265-6, becomes practically important only when these 
elements are present in considerable concentration, as in the special steels (see p. 268). 

The following varieties of iron are recognized, according to their carbon con¬ 
tent (and to some extent, their content of other elements also). 

Pig iron or cast iron is iron which contains more than 2.3%, and usually 5-10% 
of foreign constituents, with a carbon content of 2-5%. It melts without any 
previous softening, and therefore cannot be forged, but it casts well, since it fills the 
molds sharply. The melting point of pig iron lies between 1100® and 1200®. Pig 
iron is brittle at ordinary temperature. Ordinary gr^ cast iron (cast iron in the 
narrower sense) contains the carbon chiefly in the form of graphite (e.g., typically 
0.90% ‘combined carbon’, 2.8% graphite). While cast iron, on the other hand, 
contains its carbon essentially as cementite (e.g. 3.0% ‘combined carbon’, 0.10% 
graphite). Since it is harder and more brittle than grey cast iron, it is less suitable 
for castings (except for malleable cast iron), and is used almost exclusively as raw 
material for the production of malleable iron. 

Malleable iron has a lower carbon content than pig iron, and contains fewer im¬ 
purities altogether. The carbon content is usually between 0.04 and 1.5%. 
Malleable iron melts at a higher temperature than pig iron. It softens gradually 
at high temperatures, and can therefore be forged and welded, as well as rolled or 
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drawn. A distinction is drawn between wrought iron and mildsUel, according to the 
method of production {cf p. 257-8). Depending on whether the iron can be 
hardened or not, a further distinction is also made between steel and soji iron. 

Soft iron contains 0.5% of carbon at the most. It is tough and relatively soft, and 
can therefore be worked particularly well. It approaches pure iron in its properties, 
but differs from the latter in that, when magnetized, it loses its magnetism with a 
greater or less delay (hysteresis). 

Steel has a higher carbon content than soft'iron—usually between 0.5 and 1%. 
It can be forged and welded less readily than soft iron. It is also harder than the 
latter, and not tough but elastic at ordinary temperature. The most important 
characteristic ofsteel is that it may be hardened [ 15, i6 '\. If it is heated to bright redness, 
and suddenly cooled (by plunging it into water or oil), it becomes extraordinarily 
hard and brittle. The brittleness can be removed without any reduction in hard¬ 
ness, by ‘tempering’ the steel—that is, by heating it carefully for a short time to a 
moderately high temperature (250—300*^. 

1 he possibility of hardening steel is based on the fact that iron-carbon alloys with a 
carbon content below 1.7% can be converted into austenite by heating them. When this is 
suddenly cooled (‘quenched’) it passes over, partially or completely, into the very hard 
martensite. As follows from the phase diagram (Fig. 38), the temperature necessary for 
hardening varies, according to the carbon content of the steel. It is usually about 900®. The 
effect of tempering is to release or diminish the internal strains that result from quenching. 

If, in course of tempering, the temperature is raised higher, so that pearlite begins to 
separate out in a state of very fine subdivision, the hardness decreases to some extent but the 
tensile strength is increased. It is essential, however, that the heat treatment should not be 
continued so long that the martensite decomposes completely into pearlite, as the hardness 
and strength would then be lost once more. 

As follows from Fig. 38, there is no intrinsic distinction between soft iron and the iron- 
carbon alloys which are known as steel. For this reason, soft iron alro displays the property 
of hardening, although usually only to a negligibly small degree. It is not possible, however, 
to draw any sharp limit between soft irons and steels, and it is now a common technical 
practice to include under the heading ofsteel’ all iron alloys which can be forged, including 
soft iron. 

(i;) Special Steels {i 8 -si\. As already mentioned, steel generally contains silicon and 
manganese, as well as carbon, although manganese is usually present only in small amounts 
(a few tenths of a per cent). If the silicon content is raised above 1% (e.g., to about 2.5%), 
particularly hard and elastic steels are obtained, such as are used, e.g., for springs {silicon 
steels). If the manganese content is raised, manganese steels are produced, which are also 
highly clastic, and have particularly high tensile strength. They are employed for axles and 
other highly stressed machine components. Varieties of steel of particularly high quality, 
suited for specific purposes, can be obtained by alloying with nickel, chromium, vanadium, 
molybdenum, tungsten, etc. Thus steel with a high nickel content (36%) has a very low 
coefficient of expansion {invar steel), and is especially suitable for clock pendulums, etc. 
Steel with 46% nickel has the same coefficient of expansion as glass and platinum, so that 
wires made from this alloy can be sealed through glass, in the same way as platinum wire. 
By the addition of a high proportion of chromium, alloys arc obtained which resist corrosion 
by furnace gases, water vapor, etc. at high temperatures {beat resistant steels). Steels con¬ 
taining tungsten and vanadium, as well as (usually 4%) chromium are notable for their 
property of retaining their hardness at a red heat. Tools fashioned from these steels there¬ 
fore permit operation at high cutting speeds {high speed steels). Rustless or stainless steels are 
produced by alloying with 12-15% chromium (VM steel) or with 18% chromium and 8°o 
nickel (V2A steel, ‘nirosta’); such steels are frequently stabilized by the addition of other 
alloying components, such as niobium. These steels are now used in increasing quantities, 
not only for the production of industrial chemical equipment, but also for the fabrication of 
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The properties of special steels depend to a eonsidcrable degree upon tlu- influence 
exerted b> the various alloying components upon the range of existence of the siructuraltv 
different phases of iron. If N,. Mn, Cr. or W are added in sufficient quantity to the Fe-C: 
al o>s, the product of slow cooling is not pcarlitc, but martensite or. witii still larger 
additions, austenite. Thus iron with 0.4"., C and less than 8 weighi-% Ni solidifies u^th 
pearl.t.c structure, whereas with 8-22 weight-^ Ni (and the same C content) it is marten¬ 
sitic. and with hi^gher Ni content, austenitic. Steels which soldify with the martensitic 
structure even w-hen they cool slowly are known as self-hardening steels, since it is not 
necessary to subject them to a special hardening process. Steels which solidify with an 

austenitic structure are called naturally hard, smcc in them the austenite structure is stable 
at ordinary temperature. 

Certain iron-nickel alloys are characterized by a very high magnetic permeability, and 
are therefore used in electromagnetic devices (Permalloys). [23] 'Fhe material recently de¬ 
veloped by Boothby and Bozorth [J. Applied Phys., 18 (1947), 173] has an especially high 
permeability and very small hysteresis (i.e., very small remanent magnetism). It contains 
79/0 nickel, 15 ,0 iron, 5% molybdenum, and 0.5% manganese. It must be subjected to a 
special heat treatment after it has been rolled into sheet. 


(w') Silicon Coxt Iron. Iron-silicon alloys with a relatively high silicon content (15-18 
weight-%, or 26-30 atom-%) are characterized by a high resistance tow'ards attack by acids. 
They are therefore used for acid pumps, pipe lines, etc., and since these alloys cannot be 
rolled or forged, such objects are made by casting. The usual procedure is to heat a mixture 
of (low-carbon) iron and silicon to about I200^ The reaction which then sets in raises the 
mixture to its melting point. Silicon cast iron (tantiron) is harder .than cast iron, but has a 
low'er bending strength. Its thermal conductivity is about 50%, and electrical conductivity 
about 65 ,0 of that of c^t Iron. As follows from the phase diagram (Fig. 39, p. 265), silicon 
cast iron consists essentially of iron-silicon mixed crystals. Between these there is enclosed, 
at the most, a very small amount of iron silicide, together with carbon, precipitated from 
the iron on cooling, in the form of graphite. In order to exert its protective action, it is there¬ 
fore sufficient that the silicon should be incorporated in the crystal lattice of the iron, 
without the occurrence of any chemical combination in the narrower sense. There are 
numerous other example, also, in which mixed crystals formed between elements of very 
different electroaffinity display properties (brittleness, enhanced resistance towards chemical 
attack, lower electrical conductivity) which are otherwise regarded as typical of inter- 
metallic compounds (cf. Vol. I, p. 571 ff). In the case of the silicon-iron alloys, resistance 
towards acids is probably enhanced by the formation of a protective layer, consisting of 
SiOj, on the surface. This view is supported by the fact that these alloys are generally 
particularly resistant towards strongly oxidizing acids. 


4. Compounds of Iron 

Iron is predominantly bivalent and trivalenl in its compounds. The oxide FeO 
and a hydroxide Fe(OH)2 are derived from bivalent iron, as also are many salts. 
The most important of these is the sulfate, crystallizing with 7 molecules of water, 
FeS04 • 7H,0 {iron vitriol). From trivalent iron are derived the oxide FcjO, and 
a hydroxide FeO(OH). This also forms salts with many acids—e.g., iron(III) 
chloride, FeCl, • 6H2O and iron alum, NH4Fe(S04)i ■ laHjO. Iron is present in 
the -)-6 state in the rather unstable ferrates{VI), M 2[Fe04]. 

In addition to the oxy-acid salts of -f 6 iron (ferrate{VI) salts), similar derivatives of 
tetrapositive iron {ferrate(IV) salts) and tripositive iron (ferrate(III) salts) arc known. To 
distinguish them from the ordinary ferrates (ferrate{VI) salts), ferrate(IV) and ferrate(III) 
salts are commonly known as perferrites and ferrites, respectively. Both bi- and tri-positive 
iron can also form hydroxo-salts (hydroxoferratc(II) salts and hydroxoferrate(III) salts), 
although these are not very stable. For compounds of umpositive iron see pp. 270, 289. 356. 
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Iron(II) compounds are commonly known as ferrouj compounds, and iron(III) com¬ 
pounds as IcrrtV compounds; but it is advisable to discontinue this terminology in favor of the 
more systematic nomenclature. 

Salts of both bivalent and irivaicnt iron with the oxyacid anions of chlorine, sulfur 
and nitrogen arc soluble in water, as also arc the halides (except for iron(II) fluoride). The 
phosphates, carbonates, and sulfides arc insoluble, as arc the oxides and hydroxides. 

In both its common valence stales, the salts of iron readily form complex salts (acido- 
salts) with salts of more electropositive elements. This tendency is particularly strong in the 
salts of iron with weak acids. In many instances,such as the cyanide compounds, the complex 
salts can readily be obtained pure, whereas it is impossible to isolate in the pure stale the 
simple salts from which they arc derived. 

Many iron compounds arc also capable of adding on ammonia. Thus iron(II) and 
iron(lll) chlorides, in the dry state, both combine with 6 molecules of NH,. Theammoniates 
undergo decomposition when they arc dissolved in water. However, it is possible to crystal¬ 
lize iron(I I) salt arnmoniates from solutions containing a high concentration of ammonium 
salts, by saturation with ammonia (Weitz, 1925). 

The complexes formed by iron with certain hydroxylaUd organic compounds are much more 
stable in solution than the arnmoniates. The precipitation of iron from its solutions (as 
hydroxide) is therefore inhibited when such substances are present in high concentration. 

Many compounds of iron combine additively with carbon monoxide, and numerous 
others with nitric oxide. The ‘brown ring’ test for nitric acid, discovered by Des- 
bassins de Richmond in 1835, depends on the fact that iron(II) sulfate absorbs 
nitric oxide, producing a deep brown coloration. Solutions of iron(II) chloride and 
other simple iron(II) salts also take up nitric oxide. 

riie amount of nitric oxide absorbed by iron salt solutions depends strongly upon the 
temperature and pressure. The absorption docs not obey Henry’s law, however, and under 
varied experimental conditions always tends towards the limiting value 1 NO for each Fc'*"*’. 
Manchot was able to isolate NO-compounds of this kind, in the crystalline state, in spite of 
their instability,—e.g., the compound [Fe"(N0)]S04 (nitrosoiron(II) sulfate). Transport 
experiments prove that the nitric oxide in compounds of this type is bound to the iron. 
Manchot was able to show from other investigations that the nitric oxide was combined as a 
neutral group, without changing the electrochemical valence of the iron. 

Nitric oxide is more firmly bound in the nitroprusside compounds (compounds of the 
general formula M',[Fe(CN)((NO)]) than in compounds such as nitrosoiron(II) sulfate. 
Nitroprussidcs can readily be bolated, and may be recrystallized from hot solutions 
without decomposition. Other nitroso compounds, which also contain firmly bound nitric 
oxide, arc the Roussin's salu, of which there are two principal types, with the general 
formulas M‘[SFc(NO),] (‘red salts of Roussin’) and M’[S5Fe4(NO)7] (‘black salts of 
Roussin’), respectively. According to Manchot, the NO-group is probably a neutral ligand 
in these salts also, and he therefore regards the iron in Roussin’s salts (or 3 of the 4 Fe atoms 
in the black salt) as unipositive. 

Among the prusside compounds*, complexes containing carbon monoxide of the type 
M',(Fc(CN) 5(CO)] (carbonyl prusside salts), are known. Carbon monoxide can also 
combine directly with (finely divided) iron to form ironpentacarbonyl, Fe(CO)5. According to 
Manchot, an iron tetranitrosyl, Fc(NO)|, is formed by the reaction of iron pentacarbonyl with 
nitric oxide (see further, p. 289 el seq.). 

(a) Oxides and Hydroxides 

Iron forms the oxides FeO, Fe, 0 „ and Fe,04. The hydroxides Fe(OH)i and 
FcO(OH) are known in the crystalline state. 

Heats of formation are, for FcO 64.0 kcal, for FcjO, 197.6 kcal, and for FcjO* 266.7 kcal 
per mol. 

* For definition of the prusside compounds, see p. 287-8. 
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formulawd^as*^*' """ i'-on(III) peroxide or peroxyhydrate exists, which can, perhaps be 


HO.O^ , O.OH 

Fe—O—O—Fc 
HO \OH 


It can be obtained as a red. ver\- unstable powder, according to Pellini (iQoo) 

(^ 93 ®)* adding HjO^ and KOH at a low temperature (—79®) to FeCK 
solved in absolute alcohol, ^ 


and Wieland 
or FeCl3 dis- 


(i) Iron{/!) oxide {ferrous oxide), FeO, is obtained as a black, pyrophoric powder 
when iron{II} oxalate is heated in the absence of air. It decomposes water, es¬ 
pecially when warmed. It loses its great reactivity when it is heated. 


Crystalline FcO (wusiiic) has the density 5.9; for crystal structure, see p. 249. The coin- 
pound invanably contains rather less iron than corresponds to the ideal formula FeO, since 
Its crystal lattice is stable even when the lattice positions available for Fe atoms are not a)! 
fully occupied. However, FeO is only stable at high temperatures, and it decomposes into 
metal 1 C iron and I cjO< when it is cooled slowly. The researches of Schcnck and Dingmann 
( 1929 ), and of Darken and Guit>- [J. Am. Chem. Soc., 67 (>945), 1398] have shown that the 
wusiite phase exists over a certain composition range. Although the oxygen in iron(II) oxide 
IS very firmly bound, it is possible by indirect means to measure the dissociation pressure of 
oxygen exerted at high temperatures. This may be determined from the equilibrium pres¬ 
sure ratio />h,//'h,o which is established when hydrogen or steam arc passed over a 
mixture^of FcO and Fe, or of FeO and FcjO*. at high temperatures (cf. Vol. I. p. 37). 
At 1500® K. according to Nernst and von Wartenberg, the equilibrium constant for the 
thermal dissociation of water, K = •/»o./A.,o* has the value 8.15 • io-'«. This may 

be combined with equilibrium ratios of Hj and HjO over a metallic oxide (e.g., FcO). Such 
measurements were made by Schcnck and Dingmann, and by Kapustinsky. but the best 
data are those of Darken and Gurr^’ (1945). They found 



Pco, 

Ph^o 

^co, 

/*M ,0 

/»o., atm. 


pi-'l 

p»t 

pco 

pH. 


1100® C 

0-355 

0.738 

6.12 

12.7 

1.49 X 10- 

1200® 

0.322 

0.802 

8.02 

20.0 

7,21 X 10- 

1300® 

0.297 

0.861 

10.79 

3'-3 

2.40 X 10* 

1400® 

0.285 

0.888 





over FeO -}- Fe304 


over FcO Fe 


The same authors determined the composition of the wtistite phase at the upper and lower 
ends of the composition range: 


1100° Lower limit 
1200® 

1300* 

‘SSO"* 

1400® 


FeOi-ojg (Fco-^jO) 
FeOi.049 {Fco-bjO) 
FeOj.Qjo (Fco.jjO) 
FeOi.052 (Fefl.jsO) 


Upper limit FeO,.,53 


FeO,.,*, 

(Fe^.gjO) 

FeOi-iaa 

(Fco-gsO) 

FeOj.,ej 

(Feo.940) 


The ideal compound, FeOj.ooo appears from their experiments not to exist, although 
Benard has given evidence that it is formed as the equilibrium phase at much lower 
temperatures (lower stable limit of existence about 700-800® G). 

Jette and Foote [J. Chem. Phys., i (1932) 29] showed that the departure of the wiistite 
phase from the ideal composition was the result of the replacement of a proportion of Fe*"** 
ions by Fe®'*’ ions in the structure, and a simultaneous creation of vacant sites in the iron- 
atom lattice of the crystal. The change of composition is accompanied by a change in cell 
dimensions. If the Fe : O ratio changes through incorporation of extra (interstitial) oxygen 
atoms, the mean weight per unit cell increases. If iron atoms are omitted from the structure, 
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the weight per unit cell diminishes. Comparison of the pycnometrically determined density 
with that calculated on both models shows quite dearly that the iron-vacancy hypothesis is 
correct. The non-Daltonian iron(II) oxide is thus more correctly formulated as Fci-^O than 
as FcO,,v (see table above). 

(it) Iron{lI) hydroxide, Fc{OH)„ is formed by treating iron(II) salts in absolutely 
air-free solution with alkali; it precipitates as a white, flocculent material which 
absorbs oxygen with the greatest avidity. It thereby turns a dirty green, which gets 
progressively darker and eventually passes into the red brown color of iron(III) 
oxide hydrate. The very deep colored intermediate product formed in the reaction 
contains both bivalent and trivalcnt iron. Its intense color is typical of the fact 
that compounds which contain the same element in two different valence states 
are apt to be deeply colored. 

Iron(II) hydroxide i.s only incompletely precipitated by ammonia. If the solution also 
contains a high concentration of ammonium salts, there is no precipitation at all, since the 
OH ion concentration cannot, in these circumstances, rise above a very low value. Since 
the (oncentration of Fc^ ions is also repressed, through the formation of the iron-ammonia 
( omplexes identihed by Weitz, it is not pos-siblc for thcsolubilityproductof iron(II) hydro¬ 
xide, A,p = (Fe+*) • [OH ]*, to be exceeded under these conditions. 

The density of crystalline Fc(OH), is 3.40 (for crystal structure—cf. p. 249). Its heat of 
formation from FeO and HjO is 4.0 kcal. 

Fe(OH)2 is soluble in concentrated sodium hydroxide, forming sodium hydroxo- 
ferrate(lI),Naj |Fe(OH)^]. According to Scholder (1936), this may best be prepared by 
dissolving finely divided iron in boiling 50°,, sodium hydroxide. The compound separates 
out on cooling, in the form of fine blue-green crystals. If Sr(OH)j or Ba(OH)j are added, 
the alkaline earth salts Srj[Fc(OH),] and BajfFcfOH)*] may also be obtained (as greenish 
white microcrystalline precipitates). 

(Hi) Iron{III) oxide [ferric oxide)^ FcjOj, is obtained by igniting the iron(III) 
oxide hydrates as a red-brown powder or, after stronger ignition, as a dark grey, 
lustrous crystalline mass. When it has been strongly ignited, it is insoluble in 
acids, as are the corresponding oxides of chromium and aluminum, with which it is 
isomorphous. It has the corundum structure (Vol. I, Fig. 72, p. 351), < 7 o = 5 - 4*4 A. 
a = 55“! 7^ The density of ignited iron(III) oxide is 5.20. Iron(III) oxide is 
found native as hematite (red ore), usually in dense, granular, earthy or flaky 
mas.scs with a steel-grey, black, or red-brown color. The various forms in which it 
occurs are distinguished by the names of iron mica (flaky), porous hematite, ocher 
(earthy), bloodstone (dense), and specular iron ore. The last is perceptibly crys¬ 
talline, and steel-grey to black, but like the other varieties it gives a red streak on 
an unglazed porcelain plate. Hematite, which occurs in enormous deposits in 
some places (e.g., the Mesabi Range of Minnesota) is an important ore for the 
smelting of iron. A few varieties of natural iron oxide, especially ocher (red bolus, 
terra sigillata), and some artificially prepared varieties (Venetian red, English red, 
colcothar, ‘caput mortuum’) are used as red pigments and as polishing agents 
(rouge), and also as catalysts for various reactions. 

Like aluminum oxide, iron oxide can occur in a second modification. This does not 
apparently exist native, but can be obtained by dehydrating UpidocrociU (ruby mica). It was 
detected by X-ray methods by Haber and Bdhm, who called it y-iron(III) oxide. y-Iron 
oxide cry.stallizcs cubic, and its structure can be derived from that of magnetite (cf. p. 275) 
by taking out i of the iron atoms. Like magnetite, y-iron oxide is ferromagnetic, in contrast 
to a-iron oxide which is paramagnetic. The y-oxide is converted monotropically into the 
«-oxide when it is heated above 400°. 
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A third modification (d-Fe^Oj) can be obtained by the simultaneous hydrolvsis and 
oxidation ofironfU) sa ts Chcvallier. 1927, Glcmser. 1939). This is hexagonal, like 
but IS ferromagnetic. It is transformed into y-Fe^ by prolonged heating above no . 

(w) Iron(I!f) oxide hydrate occurs in nature as limonite or brown iron ore. Tlie 

varieties of brown iron ore which are most important for smelting are renifonn 

hematite (xanthosiderite), pitticite or tripiite, pisolite ironstone, iron oolite, tiie 

Scandinavian lake ore, and the bog iron ores. Goethite (needle iron ore), which 

forms needle crystals, and lepidocrocite (ruby mica), which generally forms thin 

plates, are well crystallized varieties of brown iron ore. Limonite is arnorplums. 

\ er> impure bog iron ores, such as are found in various localities, are used as gas 

purification masses and as catalysts (c.g., for the recovery of sulfur by theChaiicc- 

Claus process) (\ ol. I, p. 700). They are also used for the preparation of red 
pigments (red ocher). 


Orily the oxide hydrate Fe^O^ • H^O. or FcO(OH), occurs in Nature as a compound of 
well defined water content. It is found in two crystalline modifications-as goethite* and as 
Upxdocrocite as well as in the amorphous form, as limonite* *. The water content of the brow n 

frequently rather higher than corresponds with the formula 
rcU{OH), since the compound can take up some water in solid solution. Iron(III) oxide 
(hematite) can also take up water in solid solution (up to 8^^,). forming hydrohematitr***. 
This gives the red streak characteristic of hematite, whereas the other iron oxide hydrates 
give a more brownish streak (Posnjak, 1919, Haber and Bdhm, 1925. Kurnakow 19261 
Both goethite (<,-FeO(OH)) and lepidocrocite (y-FeO(OH)) have orthorhombic crystal 
structures. The former is isomorphous with diaspore. the latter forms a well marked laver 
lattice. According to Weiser (1935) and Kratky (1938) there is also a third, mctastable 
modification (/I-FeO(OH}], which is formed by the slow hydrolysis of FeCL Other 
iron(III) salts yield a.FeO(OH) on slow hydrolysis, and a-FcjO^ on rapid hydrolysis 
The mutual stability relations between the various modifications of the oxide and hydro¬ 
xide may be summarized by the following scheme: 


>'-FeO(OH) 

, ! 

4 kcal 
y-FcjOg 


6 kcal 

‘ ' > 


8 kcal 

» 


a-FcO(OH) 

2 kcal 

a-FcjOa 


The energy quantities indicated apply to the compounds with undistorted crystal structure, 
and sufficiently great particle size. However, since their power of cr>'stal!ization is very 
poor, they are often obtained in such a finely divided state that their energy content is 
markedly affected by their great specific surface (cf. p. 677.) The lattice distortions which 
are often present in high concentration have an even greater effect (cf. p. 18). Thus Frickc 
was able to prepare 5'-FcO(OH) specimens which differed by as much as 6 kcal in their 
energy content for these reasons. Preparations of a-FejOj, made by dehydrating slimy 
amorphous iron (III) oxide hydrates at different temperatures, may exhibit energy differences 
of up to 13 kcal per mol. of FcjOg (Fricke, 1935). The energy rich states of the iron oxides 
are characterized by a very high catalytic efficiency; they are therefore said to be ‘active’ 
states * * * *, Other properties may also be modified to a marked extent by lattice imper- 

* The name goethite was originally proposed for lepidocrocite (ruby mica), but lau r 
came into general use for needle iron ore. 

•* The amorphous character of limonite is only apparent. It gives an X-ray diffraction 
pattern of weak and broadened interference rings, which agree in position with the (sharp) 
diffraction rings of goethite. 

*** Hydrohematite and hematite give the same X-ray diffraction pattern. 

Similar active states have been observed with other compounds that have a 
tendency for lattice imperfections. 
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frcfions and by tl.r surface development—c.g., the thermal dissociation pressure and clectro- 
Iviic dissociation. .\s is illustrated by the figures given above, it ts P^'ble for the cnerp 
ditlerrnres exhibited by one and the same modification in states of different activity to be 
greater than the energy differences between the normal states of the several modifications. 


If iroii(III) oxide hydrate is precipitated by adding ammonia to iron(in) salt 
solutions, it is obtained as a red-brown, slimy amorphous precipitate, which yields 
a gel of variable water content when it is dried.* 

I'hc precipitate has a strong tendency to carr>' down with it other substances 
from the solution, since it has a high surface activity. Freshly precipitated iron 
oxide hydrate is a specific adsorbent for arsenic trioxidc, and can therefore be used 
as an antidote for acute arsenic poisoning. Iron oxide hydrate can also be obtained 
in colloidal dispersion, and is used in medicine in this form. 

Freshly precipitated iron(III} oxide hydrate dissolves readily in dilute strong 
acids. It is also perceptibly soluble in hot concentrated caustic soda or potash, 
forming sodium or potassium ferrite (ferrate(III)), NaFeOj or K.Fe02. Iron(Ill) 
.>xide hydrate is thus amphoteric in behavior, although its ability to function as an 
acid is only very weakly developed. 


Icrrites (fcrrale(lll) salts) arc more readily obtained by melting iron(III) oxide with 
alkali oxides, hydroxides, or carbonates. In addition to the i : i compounds, it is also 
possible to prepare i : 2 ferrites in this way—e.g., KjFc*©;. HydroxofemUs (hydroxo- 
ierrate(IIl) salts* are also known. The sodium salt, Naj(Fe(OH)«] • 5-6HjO, was obtained 
l)y .Scbolder (1938) by the oxidation of a sodium hydroxofcrrate(II) solution with atmo¬ 
spheric oxygen at ordinary temperature. It forms colorless crystals, which arc rather sparing¬ 
ly soluble in concentrated caustic soda. It is immediately dccompo.scd by water or by dilute 
smlium hydroxide, with the dc(>osition of iron! 111 ) oxide hydrate. If oxidation of the 
hy<lroxoferratc(II) salt is carried out at 40-60". the salt which separates is a heptahydroxo- 
compound, Na4[Fe(0H),(H,0)) • which is also colorless. At still higher tempera¬ 

tures (100 130 ), hydroxo-salts are not obtained, but the anhydrous oxo-salt NaFeO, is 
formed, in olive green crystals, whereas the same salt i.s obtained in red-brown crystals from 
60 per cent sodium hydroxide above 130'. 'Fhe latter salt is also obtained when sodium 
ferrite is prepared by the method first cited. The nature of the difference between the green 
and red forms of sodium ferrite is not yet known. 

Red sodium ferrite is isotypic with Na[HF,], although the anionic radicals [OFcO]- do 
not stand out as structural groups quite so clearly as the [FHF]' groups in the structure of 
Na[HFj]. Cu{FcOj] has the same structure. In KFeO„ however, there is an infinite 
continuous network of FeO, tetrahedra (which corresponds structurally in every way with 
the network structure of ^-cristobalite), in the meshes of which are located the K ions 
(Barth. 1935). RbFcO, and Pb[FcO,], have the same structure (Hilpcrt, 1933), as also 
have the ferrites of a few other uni- and bivalent metals. Oxides of many bivalent metab 
combine with FcjOs, to form not ferrites, but compounds with the spinel slruclure —i.e., 
double oxides. Such double oxides without salt-likc character arc formed, for example, by 
thcoxidcsofMg,Zn,Cd,Cu",andMn''. Iron(II, III) oxide, FcjO^. has the same structure. 
The ferromagnetism which is displayed by many of these oxides is not unambiguously 
associated with their spinel structure, since cadmium iron spinel, for example, b only 

• Iron(III) oxide hydrate, freshly precipitated from iron(lll) salt solutions, b 
amorphous to X-rays, and gives no interference pattern. As aging takes place, the diffraction 
pattern characteristic of hematite (or hydrohematitc) develops. However, if precipitates 
obtained by the action of OH“ ions on iron(II) salts arc allowed subsequently to be oxidized 
in air, they furnish preparations which display the diffraction pattern ofgoethite or Hmonite. 
Hiitiig states that the stability of the compounds commonly found in nature increases in the 
order: hydrogel of amorphous iron(III) oxide hydrate -*■ hematite -*• hydrohematite -► 
limonite goethitc. 



4 


COMPOUNDS OF IRON 


•2 


/ J 


paramagnetic, whereas another modification of the compound CdO • Fe^O,. whic h does 

not have the spinel structure, is ferromagnetic vmcnco.s 

uT.Z'if structurally as a double oxide, and not as a 

Js^rh ! r ‘ struuure (a ~-= .i.,4 AV in which the ions Li- and Fc ‘' are 

fn h 1 ^ random) over the positions of the cation lattice 

T^T-O ^ - namelv 

LijTiOa [a - 4..0 A), Na,CcO, (a = 4.82 A) and NajPr03 {a = 4.84 A). 

There is a noteworthy di^Terence in structure between the iron spinels and ordinars 

spinel. In ordm^- spmel the Mg^- ion is at the center of a Mraherlron of oxyge n atoms 

v. n 'K rnid-point of an oxygen octahedron. In magnesium iron spinel: 

MgO howeser, it is not the Mg^* 10ns which arc locau-d at the centers of the oxygen 

tetrahedra, but Fe loris. The Mg*- ions and the remaining half of the Fe^- ions occupy 
the positions of octahedral coordination. The difference between the structures can be 
expressed by wntmg the formula of ordinary spinel as AIJMgO,], and that of magnesium 
iron spinel as MgFc[FcO^]. According to Versvey (1953). this is not strictly correct; most 
but not all of the Mg - 10ns in magnesium iron spinel arc in the positions of octahedral 
coordination, and the formula schould be written as Mg,. xFc,..*(Mg,Fe, xO,]. 


(v) Irort{II, III) oxide, Fe^O^ (density 5.1, m.p. 1538°), is a double compound ol 
FeO and Fe* 0 „ belonging to the spinel class. It is obtained (in an impure form) 
by burning iron filings in air. The 'hammer scale’ referred to on p. 262 also con¬ 
sists essentially of iron(lI, HI) oxide. It forms a black powder, insoluble in acids. 
It is found in ver>' large quantities in Nature as magnetite (lodcstone, magnetic 
iron ore), and is an important ore of iron. Magnetite is strongly ferromagnetic, and 
has a fairly high electrical conductivity. It is therefore used as a material for elec¬ 
trodes, especially for the electrolysis of alkali chlorides, and also to some extent for 
arc light electrodes. In the Siemens-Martin process, magnetite and hammer 
scale are used for decarburizing iron. Hammer scale is also used for the prepara¬ 
tion of thermite. 


It has been proved by X-ray diffraction that magnetite has the spinel structure. However, 
the iron(II) ions do not occupy the mid-points of the oxygen tetrahedra, these position.s 
being taken by one half of the iron(III) ions present. The other iron{in) ions and the 
iron(II) ions occupy (probably in random distribution) the positions which, in the lattice 
of ordinary spinel, Al,MgO|, are taken by the aluminum ions. The constitution of magnetite 
can therefore be represented by the formula Fe''Fc'“[Fcu'04). The high electrical conduc- 
tivity of magnetite can be explained by a ready exchange of charge between the Fe*+ and 
Fe»+ ions which occupy crystallographically identical positions outside the [FeO,] groups 
(Verwey and De Boer, 1936). The unit cell of magnetite has the edge length a = 8.41 A. 
When moderately heated in air, powdered magnetite is oxidized to FetOg. This property 
was utilized at a very early period for preparing red iron oxide from magnetite. Conversely, 
FcjO, is formed from FctOj by very strong ignition (above 1400°). At still higher tempera¬ 
tures it passes into FcO by the further loss of oxygen. 

(b) Sulfur Compounds 

Direct combination of iron with sulfur can give rise to the two compounds: 
FeS, iron sulfide, iron monosulfide, iron(II) sulfide, and FeSj, iron disulfide,iTon{ll) 
disulfide. 

These are the only compounds which appear in the phase diagram of the iron- 
sulfur system; i.e., these are the only sulfides obtainable by direct combination of 
the elements. However, it is not to be completely excluded that another sulfide— 
namely iron(lll) sulfide, FcjS,—might be obtained by other methods, such as by 
precipitation from solution. No definite evidence for the existence of such a com- 
FK)und has as yet been obtained (cf. p. 276). 
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.i) Iron monosulfide (ferrous sulfide), FeS, is formed by melting iron and sulfur 
together, and is prepared technically by this method since it is used for the genera¬ 
tion of hydrogen sulfide. The technical product is usually contaminated with a 
consideral)lc excess of uncombined iron. It is sold in grey-black lumps, but the 
pure (Tvstalline irori(II) sulfide is a light brassy brown. 

Ir()n(II) sulfide is obtained as a black precipitate when S" ions are added to 
solutions of iron(II) salts. The precipitate is practically insoluble in water, but 
soluble in dilute acids. When moist it undergoes partial oxidation by the air, 
forming the sulfate. 

Iron sulfide, crystallized in the hexagonal system, is found in Nature pyrrhotiU 
(magnetic pyrites). The iron sulfide occurring in meteorites, with the same crystal 
structure, is called iroilUe. Pyrrhotite almost invariably contains nickel, and is 
therefore of importance as a nickel ore. The sulfur content of magnetic pyrites is 
invariably i to 2% higher than corresponds with the formula FeS, the excess 
sulfur being built into the crystal lattice. 

FeS is isotypic with NiAs (cf. p. 249). Its ability to take up a certain excess of sulfur 
(up to 3.3 atom per cent) arises from the fact that a proportion of the posidons which should 
bo occupied by Fe atoms may remain vacant. The density of FeS varies between 4.5 and 
5.0. Its heat of formation is 22.8 kcal per mol. 

FeS is completely miscible with iron in the molten state, but quite immiscible in the solid 
,tate. Hence FeS separates out during the solidification of iron with even a very low sulfur 
content, and (like FeO) gives rise to ‘red shortness’—i.e., cracks develop in the iron when it 
is forged at a red heat. If a sufficient quantity of manganese is added to the iron, this re¬ 
moves the sulfur quantitatively, forming MnS, which is very sparingly soluble in the iron- 
manganese melt. This makes it feasible to desulfurize pig iron almost completely by the 
addition of manganese. The other impurities present in pig iron—C, P, Si—promote the 
desulfurization, since they still further reduce the solubility of MnS in the melt. Iron- 
manganc-se alloys arc now produced, to which sulfur is actually added—the so-called 
sulfur steels. When these solidify, the plastic MnS separates out, in extremely fine sub¬ 
division, instead of the brittle and deleterious FeS. The sulfur steels possess excellent tensile 
strength, for this reason. 

(») Iron sesquisulfide. A black precipitate is obtained by the action of S' ions 
on iron(III} salt solutions. This is practically insoluble in water, but is soluble in 
dilute acids, and has a composition corresponding to the formula FejSj. It de¬ 
composes readily in air when it is moist, with the formation of iron oxide hydrate 
and the deposition of sulfur. Sulfur is also deposited when the precipitate is treated 
with hydrochloric acid: 

Fe.Sj + 4HCI = 2FeCI, + 2H,S + S. 

It has not yet been established whether, as is commonly assumed, this is a defi¬ 
nite compound (iron(III) sulfide), or merely a mixture of iron(II) sulfide and 
sulfur formed by the reaction: 

2Fc^^" -f- 38^ = 2FeS -f- S. 

Iron(IIl) sulfide occurs in Nature in the form of double sulfides, especially 
with copper(I) sulfide—e.g., chalcopyriu, CuFeS, or CujS • FcjSj, and bormte, 
GuaFeSj or 3GU1S • FciSj. 

(in) Iron disulfide, FeS,, is very widely distributed in the form olpyriU. The com¬ 
pound also occurs as marcasiU. It readily loses sulfur when it is heated, and burns 
to FejO, and SO, when it is heated in air. The ease with which sulfur dioxide is 
produced by roasting pyrite makes pyrite the most important raw material for the 
manufacture of sulfuric acid. When once initiated, the combustion continues 
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spontaneously in the pyrite roasting oven, in consequence of the high hcatofconi- 
busfon and ease with which sulfur is lost. The use of the burned pyrites, re.nainine 
as a residue after roasting has been discussed in \’ol. I. 

Pyrite and marcasite have a brassy yellow color and metallic luster. 'Fhev diller 

m their crystal structures. Pyrite, which is not uncommonly found in well formed 

large crystals (usually cubes or pentagonal dodecahedra, or combinations of these 

forms), belongs to the pentagonal hemihedral class of the cubic svstem. Marcasite 
IS orthorhombic. 


?K T *1 of pyrite are arranged in the same way as the sodium 

tn pTrh r? structure In the pyrite structure, however, the position corresponding 

V. ^ - occupied by the center of gravity of a pair of S atoms. 2.14 A apart 

which are inclined at an angle to the axes joining the Fe atoms. The unit cell of pyrite has 

^ edge of length a - 5.40 A. The structure of marcasite is related to that of rutile but is of 
lower symmetry. The S S distance in marcasite is 2 2i A 

Ma^etic measurements (Klemm. 1935) have shown that the metal is not quadrixalent 
in pyrite and other disulfides of the same type (MnS*. CoS,. NiS,). MnS, must be regarded 
from m magnetic behavior, as a manganese(II) sulfide. Mn**(S,)*-. but of only weakly 
ionic character. The other disulfides listed have even weaker ionic character, FeS, being the 

least ionic. The bj^ndmg forces involved in them are probably closely related in nature to the 
metallic bond. (Cf. Chap. 9, Vol. I). 

The sulfides of iron form double suljides with some other heavy metal sulfides. They are not 
«pable of forming true thio-salts, however, and are therefore insoluble in alkali sulfides 
However, sulfur can enter thehydroxoferrate(II) and.(III) complexes as a substituent re-' 
placing a of the hydroxyl groups, and forming thiohydToxo-%zU% (Scholdcr, 1936)— 

m (black-green) and Na8((H,0)(0H)eFc'«• S• Fe>''(OH)8 

^ * aHjO (dark brown). The green or deep red colorations, formed when NajS is 
added to strongly alkaline solutions containing iron(II) or iron(III) salts, are due to the 
formation of such compounds. 


(c) Iron(II) Salts 

Soluble iron(II) salts, such the sulfate and chloride, are most conveniently 
obtained by dissolving the metal in the corresponding acids. In solution, and in 
the hydrated crystalline state, the compounds are pale green in color. This is thus 

thecolorofthe hydrated iron(II) ion. The solutions have an acid reaction, because of 

hydrolysis. Insoluble iron(II) salts may be obtained by metathesis. Mostiron(II) 
salts can form double or complex salts with the salts of the strongly electropositive 
elements, especially with the alkali and ammonium salts. Most iron{II) salts are 
not completely stable in air; the double salts are usually more stable than the 
simple salts. Strong oxidants convert iron(II) quantitatively into iron(III). 

It is noteworthy that when iron is dissolved in acids of definitely oxidizing properties— 
e.g., in nitric, perchloric, chloric, bromic, and iodic acids—the products are salu of bivalent 
iron, provided that the acids are dilute, and used at ordinary temperature. The Fe++ ion in 
itself has but a small tendency to become oxidized to the +3 state. A platinum foil dipping 
into a solution which containes the ions Fe++ and Fe+++ in equal concentrations assumes a 
potenti^ 0.77 volts lower than the normal hydrogen electrode. Thus the spontaneous 
conversion of iron(III) ions into iron(II) ions would take place in the closed circuit, 
hydrogen simultaneously going into solution as hydrogen ions. The fact that iron(ll) 
compounds usually have a rather strong tendency to undergo oxidation is really to be 
attributed to the extreme insolubility of the oxide, which is very readily formed by hydro¬ 
lysis in aqueous solution or in the presence of moisture. The stability of iron(II) salts in 
solution can therefore be raised to a considerable extent by adding an excess of acid to 
repress the hydrolysis. 
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If metallic iron is treated with aqueous sulfur dioxide solution, ironill) ihiosulfaU is 
formed as well as the iulfiU: 

2Fe + 3SO( = FeSOj + FcSiOj. 

I he iormation of irofi{II) dithionaU, FcS,Oe ' sHjO, by the action of sulfurous acid on a 
dilute iron(III) sulfate solution at o“, is also of some interest. Oxidation ofiron(II) thio- 
bulfate by means of iron(III) chloride yields iTon{II) teirathionaU: 

2FeSjO, f sFeCla = FeS^O, + 3FcCi,. 


(d) Iron(n) Halides 

(i) hon[Il) fluoride and FluoroferraUill) Salts. The colorless relatively insoluble hydrated 
tTon{II) fluoride. FcK, • 8HjO, separates out when a solution of iron in hydrofluoric acid is 
eva[)orated. I he anhydrous compound, which is also colorless, is obtained by heating the 
hydrate in a stream of dry hydrogen fluoride, or by the direct-action of hydrogen fluoride 
on iron at high temperatures. Complex salts {fluoroferrate^U) salts), of the types M'[FeFj] 
and M'tIFeF,], crystallize from mixed solutions of iron(II) fluoride and alkali fluorides. 

(it) Iron{I/) chloride and ChloroferTate{II) Salts. Jron{II) chloride,FcC\„can be ob¬ 
tained in the anydrous state by passing dry hydrogen chloride over iron filings at 
a red lieat, by heating iron(III) chloride in hydrogen, or by heating the hydrated 
iron(II) chloride (sec below) in the absence of air. It is volatile at a yellow heat, 
and its vapor density at looo® corresponds to the formula FeCU. It is deliquescent 
in air, and very soluble in water and in alcohol. The tetrahydrate, FeCl, • 4H,0, 
separates from the aqueous solution, which is most conveniently obtained by 
dissolving iron in dilute hydrochloric acid in the absence of air (in a flask provided 
with a Bunsen valve). It forms blue-green, monoclinic deliquescent needles. 68.5 g 
of FeCli dissolve in 100 g of water at 20®. With the chlorides of strongly electro¬ 
positive metals, iron(II) chloride forms complex salts, mostly of the type M‘,[FeCl4] 
(tetrachloroferrate(I I) salts). Ammonia also combines avidly with iron(II) chloride. 

(ill) Iron{II) bromide, FeBr„ is the immediate product of burning iron in bromine vapor, 
as long as iron is in excess (contrast iron(ll) chloride), FeBr, • 6 H ,0 separates as a pale 
green crystalline powder when a solution of iron in hydrobromic acid is strongly cooled. 
Above 45°, the hexahydrate is converted to the tetrahydrate. 

(ii») /ron(/I) iodide, Fcl,, can be prepared by direct union of the components. Iron 
dissolves gradually at ordinary temperature in water containing iodine, andFel^ • 4H1O is 
deposited in green crystals when the solution is evaporated in a desiccator. Higher hydrates 
are formed at low temperatures. The hydrated salts and their solutions turn black when they 
arc heated to 50^, but recover their original color again on cooling. 

See pp. 353 and 356 for CO addition compounds ofiron(II) halides. 

(e) Other Iron(II) Salts 

(i) Iron{II) thiocyanate crystallizes in green prisms of the composition Fe(SCN), • 3H,(7 
when solutions of iron in aqueous thiocyanic acid are evaporated in the absence of air. 

(ti) lron{JI) nitrate is formed when iron is dissolved in cold dilute nitric acid: 

8Fc + 20HNO3 = 8Fe(N03), + 2NH4NO3 + 6 H, 0 . 

It is better obtained in the pure state by double decomposition between iron(II) sulfate 
and lead nitrate. It usually crystallizes as the hexahydrate, Fe(NOj), • 6 H, 0 , in light green 
rhombic plates. The 9-hydratc is stable below —10*. The aqueous solution decomposes 
when it is heated, and basic iron(III) nitrate is formed. 
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, dissolves in dilute perchloric acid at low temperatures 

(o ), yielding iron(II) perchlorate. According to Lindstrand (1936). the compound is 
better prepared by dissolving FcS in perchloric acid, since this enables a higher concen- 
trauon of acid to be used at ordinar>- temperature, without oxidation of the iron(II) 
occurring. Iron{Jl) perchlorate crystallizes from solution as the hexahydratc, Fe(CI04)^ • 
6HjO, m light green hexagonal prisms, which arc unchanged in air dried by CaCL, but 
which deliquesce and simultaneously undergo oxidation in moist air. The salt is extremely 
soluble in water (80.12 g of Fe(C 10 ,)j in ,00 g of water at 0°, 106.6 g in too g of water at 
60 ), and also m alcohol. The solubility is greatly repressed by the addition of HCIO^. 

(iV) Iron{Il) sulfate usually crystallizes from solution as the heptahydrate 'ferrous 
sulfate , FeSOj • 7H2O, which is technically the most important salt of iron. It was 
already known as 'green vitriol’ to Albertus Magnus in the 13th century. It forms 
Ijght green monoclinic crystals, of density 1.88. These slowly effloresce in air, and 
undergo superficial oxidation to yellow-brown basic iron(ni) sulfate. Ferrous 
sulfate readily loses 6H(0 when it is heated, but the last molecule of water of 
crystallization is lost with much more difficulty. The anhvdrous salt is a white 

powder of density 3.0. When strongly heated, it decomposes with the loss of sulfur 
dioxide: 

2 Fe»SO, = (Fe»* 0 )jS 0 , -}- SO,. 

Ferrous sulfate is prepared technically by dis.solving iron in dilute sulluric acid, 
or by allowing pyrrhotite to weather in air, moistening it frequently. It is obtained 
as a by-product in the manufacture of chrome alum. It finds uses in the manufac¬ 
ture of ink and of prussian blue, in dyeing (for black dyeing of wool), for tlie 
preservation of wood, as a fungicide, and occasionally in medicine. It may be 
purified by precipitation from aqueous solution by means of alcohol. 

100 g of water dissolve at 20° 26.6; at 56= 54.4; at 64“ 54.9, and at 90“ 37.3 g of FCSO4. 
Above 56% FeS04 crystallizes from solution with 4HaO, and above 64’ with iHjO. Iron 
vitriol may be formed as rhombic or triclinic crystals (as well as the monoclinic modifi- 
cation>, namely when crystallization is initiated from supersaturated solutions by seeding 
with rhombic zinc sulfate or triclinic copper sulfate. In the latter case it crystallizes a.s the 
pentahydrate. 

Iron(II) sulfate is found native in small amounts, as an efflorescence on pyrrhotite. 

Iron(II) sulfate forms double salts with alkali sulfates, principally of the compo¬ 
sition M'ySOi • FeS04 • 6H2O. The best known of these is the ammonium double 
salt, (NH4)2S04 * FeSO*- which is stable in air, and which was introduced 

into volumetric analysis by Mohr. 

It is not impossible that the double salts should be regarded as disulfatoferratcs, 
M‘j[Fe(S04)j] • 6H2O. The corresponding parent acid, Hj[Fe(S04)j] (disulfatoiron(II) 
acid), is known, both in the anhydrous state and with 6, 5, and sHjO. Double sulfates with 
the sulfates of bivalent meUls are also known (especially with Be, Mg, Zn, and Cd). With 
chromium(II) and manganese(n) sulfates, iron(II) sulfate forms mixed crystals, but not 
double salts. 

(y) Iron{II) carbonate, FeCOa, is found in Nature as siderite or spathic iron ore. 
This, like calcite, crystallizes in rhombohedra, is insoluble in water, but dissolves 
in water containing carbonic acid, with the formation of iron(II) hydrogen car¬ 
bonate, Fe(HC03)2. Such waters rapidly deposit iron(III) oxide hydrate when 
exposed to air, since the excess carbon dioxide escapes, the carbonate deposited is 
hydrolyzed, and is oxidized by atmospheric oxygen. The precipitate of iron(II) 
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carbonate, obtained by adding soluble ca»-bonatcs to iron(II) salt solutions, which 
is initially white, rapidly darkens and ultimately goes brown through the same 
decomposition. 

When heated, FeCOjis transformed (via several intermediate stages) into FeOand CO,. 
The dissociation pressure reaches i atm. at 282°. The heat of dissociation is 20.9 kcal per 
mol. 

(m) Ironill) oxalate and Oxalaloferrate{H) Salts. Iron dissolves in aqueous oxalic acid, 
with the evolution of hydrogen, and the oxalate 2FeC,04 • 3H,0 can be isolated in lemon 
) ellow crystals from the resulting solution. From solutions which also contain alkali oxalates, 
<'oinplex salts (oxalatoferratc(II) salts) can be precipitated by the addition of alcohol. 
These have the general composition M',[Fe(C,04),] with an amount of hydration water 
depending upon the nature of the cation. 

A mixture of iron(Il) sulfate and potassium oxalate can be used as a photographic 
developer. 

(rn) lTon{II) silicales may be obtained by fusing iron(II) oxide with silica sand. 
Iron(II) silicates are also very widely distributed in Nature,although almostinva- 
rlably in the form of isomorphous mixtures with the silicates of other metals (especi¬ 
ally rnagnesium). Olivine (Mg,Fe),[Si04], hypersthene (Fe,Mg)2[Si,0,] and bron- 
zite, (Mg,Fc)2[Si208) arc of this type. An example of a double silicate of bivalent 
iron, of stoichiometric composition, is hedenbergite, CaFe[Si, 0 ,]. 

(viii) Iron{Il) phosphate. Hydrated iron{II) orthophosphate, Fe5{P04), • 8 H ,0 
occurs in Nature as vivianite,a mineral which is white on a freshly broken surface, 
but which at once turns blue on exposure to air. 

When iron(n) solutions are treated with sodium phosphate, white insoluble 
precipitates of iron(II) phosphates are obtained, the composition depending 
upon the experimental conditions. 

(u) Cyanqferrate{II) Salts {Ferrocyanides). Pure iron(II) cyanide is unknown. The 
interaction of Fe^'*’ and CN‘ ions invariably gives rise to complex ions, and in 
presence of a sufficiency of CN" ions the product is always the hexacyanoferTaU{H) 
complex, [Fe(CN),]*-, which is characterized by particular stability. Many 
examples are known of the salts derived from this complex, the hexacyanoferrate 
(II) salts or ferrocyanides, M‘4[Fe(CN)«] (usually hydrated). The most important 
of these is potassium hexacyanoferrate(II) (‘yellow prussate of potash*, see below). 
Except for barium hexacyanoferrate(II), all the alkali and alkaline earth salts are 
soluble in water. The [Fe(CN),]^" ions present in the solution are strongly com- 
plexcd, and give reactions neither for Fe"*^ ions nor for CN“ ions. With the ions 
of bivalent heavy metals, [Fe(CN)4]*" ions usually give insoluble compounds, 
many of which provide an analytical detection for the corresponding heavy metal, 
by reason of their characteristic color or crystal form. 

According to Brinizinger (1934), the hexacyanofcrrate(II) ion is highly hydrated in 
solution. It has been deduced from its rate of diffusion that it is associated with I2H,0, 
unlike the hcxacyanofcrratc(III) ion, which has a rate of diffusion corresponding to the 
ionic weight of the unhydrated ion (Fe(CN)4]®". 

(x) Hydro/errocyanic acid (hcxacyanoiron(II) acid), H4[Fe(CN),], can be precipitated in 
the form of an ether addition compound, by adding ether to a solution of a hexacyano- 
iron(ll) salt, treated with concentrated sulfuric acid. The pure acid can be obtained from 
this by evaporating off the ether. It is a white powder, which is stable when dry, but 
gradually turns blue in moist air; it is soluble in water and still more soluble in alcohol. 
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Hexacyanoiron{II) add is a fairly strong tetrabasic add. It has the property of addioL- on 

ZZmTlf" aldehydes, ketoncs.'^csters. etc.,, fornnng 

Saturated' ;x^ ^ ‘coordntat.el? 

H fFwrST'^HVA^^n addition compounds with sulfuric acid -e g. 

H,[Fe(CN),] • 7H3SO,. rhombic plates; H,[Fe(CN,,] • sH^SO,. needles. Double salts of 

flVH WFWPNrr NH ^>■^^'>‘‘^■^■■^‘^ 1 *) salts, are also known-e.g. 

(NH4)4[Fe(CN)8]-2NH4CI-3HjO, K(NH4)3[Fe(CN)6]-2NH4CI, KjNaj(Fe(CN)e]-4KNO 
Esters of hexacyanoiron(II) acid are also known. 2 2I ^ ^sJ 


(xt) Poiassium hexacyanoferraU{ll) has been known since the middle of the 18th 

prepared by adding nitrogenous organic substances 
(blood, leather, horn, etc), mixed with iron scrap, to molten potassium carbonate, 
and leaching the melt with water. The popular German name ‘gelbes Blutlaugen- 
salz (yellow prussate of potash) is derived from this method of manufacture. 


The compound IS now generally prepared from the ‘spent oxide’ from the purifiers in 
ssorks, which has absorbed the hydrogen cyanide formed in the destructive distillation 
of coal, and contains it chiefly m the form of prussian blue (see below). Most of this is first 
converted into the very soluble calcium cyanoferrate(II), by heating it with slaked lime 
Leaching with water and treatment with potassium chloride furnishes a precipitate of the 
mixed salt K.Ca[Fe(CN)e], which can be converted into pure potassium cyanoferrate(n) 
by metathesis with the calculated quantity of potassium carbonate: 

K,Ca[Fe(CN)8] + KjC 03 = CaCOa + K4fFe(CN)8]. 


Potassium cyanoferrate(II) crystallizes from solution as the hydrate 
K4[Fe(CN)e]^ ■ gHjO, in rather soft monoclinic crystals of density 1.85. The water 
IS lost at 100°, and there is formed a white hygroscopic powder, which decomposes 
with the evolution of nitrogen when it is more strongly heated. 


At o 1^5 g, and at 98“ 74 g of anhydrous potassium cyanoferrate(II) dissolve in 100 e 
ol water. The salt not poisonous, because the hexacyanorerratc(II) radical is so strongly 
complexed. It is a suitable antidote against poisoning by corrosive salts of copper and iron. 
It IS used in analysis as a reagent for iron, copper, and other heavy metals. 


(f) Iron( 


II 


) Salts 


Iron(III) salts are obtainable by the oxidation of the corresponding iron(II) 
compounds (e.g., with nitric acid or hydrogen peroxide), or by the dissolution of 
freshly precipitated iron(III) oxide hydrate in acids. They are similar in solubili¬ 
ties to the iron(II) salts. Their solutions are yellow-brown to dark brown in the 
absence of any excess acid. This coloration is not that characteristic of the hy¬ 
drated iron(III) ion, however, but is due to basic salts or iron oxide hydrate 
present in the solution in the colloidal state, as a result of hydrolysis. Jf the 
hydrolysis is repressed by the addition of acid, formation of acido-complexes 
generally occurs at the same time. In this case, the resultant color of solutions 
containing an excess of acid depends upon the nature of the acid added; e.g., 
iron(III) fluoride solutions become pink on treatment with hydrochloric acid, 
whereas iron(III) chloride solutions become yellow. Ingencral, however, solutions 
ofiron(in) salts with an excessofacid are colorless. Iron(III) may be quantitatively 
converted into iron(II) by treatment with reducing agents (e.g., tin(II) chloride, 
or zinc and hydrochloric acid) in acid solution. Quantitative reaction also takes 
place with potassium iodide in acid solution, according to: 

Fe+++ -F I- = Fe++ -f JI,. 


(I) 
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rhesc reactions make it possible to determine iron volumetrically, when it is 
present in the trivalcnt stale. In the first case, the iron(II) salts obtained by re¬ 
duction are titrated with potassium permanganate, and in the latter case, iodine 
liberated by reaction (i) is titrated with thiosulfate. 


(g) Iron(in) Halides 

Irnnil/I) Jluortd, and Ftuorofrrrate(IlI) Salts. Iron(III) fluoride separates in pale pink 
crystals from solutions of iron oxide hydrate in hydrofluoric acid-as the 4i hydrate at 
ordinal^- temperature (evaporation over calcium chloride), and as the 3-hydrate at rather 
hieher temperatures (evaporation on a water bath). Accordtng to Nielsen (1940), th . 
irihvdratc exists in two modifications, fhe anhydrous compound, which is greenish, forms 
hexagonal tr>'stals of density 3.5a. Complex salts (fluoroferrate(in) salu) crystal ize from 
solutions containing alkali or ammonium fluorides. These compounds are mosUy of the 
type M'ltFcFj] (commonly crystallizing with HjO or HF), but salts of the types M 3[FcF,] 
and M'[l-<‘fii] •'‘bo arc known (Rerny 1933b 


(li) lTon{IIl) chloride and Chlorofenateilll) Salts. Anhydrous iron{III) chloride 
(ferric chloride) is most conveniently obtained by heating metallic iron in a 
current of diy chlorine. The chloride formed sublimes away, and condenses in 
brown black flakes Mensity 2.90, m.p. about 300®, b.p. 317®). It is converted into 
iron{IlI) oxide when heated in air, or on treatment of the heated compound with 

steam: 

aFcClj -{- ^O, = Fe,Oj -h 3 ^ 1 , 


aFeClj -h 3 H ,0 = Fc, 0 , -F 6HCI. 

Iron(III) chloride crystallizes in hexagonal plates, which have a ^cenish metallic luster 
bv reflected light, but are garnet red by transmitted light. When it is heated m a vacuum 
above 500", iron(IIl) chloride undergoes partial decomposition, according to: 

2FcCU ?=* 2FCGI2 -F Cl, (0 

As is shown by vapor density determinaUons (in which the dissociaUon reaction (1) is 
reuressed by the addition of chlorine), iron(III) chloride is present almost cnurcly in the 
form of dimeric molecules. Fc,CU, in the vapor state at relaUvely low temperature (ar^nd 
400“) Above 750^ however, it is split up almost completely into single molecules FeUl,. 
It is also monomolecular in alcoholic and ethereal solutions, as shown by ebuUioscopic 
measurements. 


Iron(III) chloride absorbs water avidly in moist air, and deliquesces to a dark 
brown liquid {oleum martis). It is extremely soluble in water and in alcohol, with an 
appreciable evolution of heat. It forms a number of hydrates from aqueous 
solution. The ordinary yellow ferric chloride of commerce is the hexahydrate, 
FeCla ■ 6 H, 0 . This hydrate often separates out in masses of characteristic shape 
(hemispherical lumps). It is usually prepared technically by dissolving iron in 
hydrochloric acid, passing in chlorine to oxidize the iron(II) chloride, and evapo¬ 
rating the solution on a steam bath in earthenware pans. 

Solutions of iron{IH) chloride have a strongly acid reaction, as a result of 
hydrolysis. They rapidly coagulate albumen, and this reaction is the basis for the 
use of such solutions, or of cotton wool impregnated with iron(III) chloride, as 
styptics. Iron(III) chloride finds its chief technical uses in the organic dyestuffs 
industry as an oxidant, and occasionally as a condensing agent and chlorine 
carrier. It is also used as a mordant in piece dyeing. 
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Complex salts {chloroJe>rate\I!I) crystalli/c Irojn solutions containing lh<‘ (hioridts 

of the alkalis or of other strongly clcctroposith e metals. 1 In- most tommon of these are of 
the types M'(FeClJ and M'jfFcClJ (Remy. i<)^5k 

X-ray examination has shown that n-l-eO(^H is always obtained at ordinary temperatni e 
as the stable end product, when the hydrolysis ol iron(III) chloride solutions is rarri«’d so 
far that a solid product is deposited. I he substances at first precipitated are basic < hloridcs. 
which are converted by way of y-FeOOH into ti-FeOOH. This transformation usually 
takes place very slowly, so that precipitates formed by slow hydrolysis in the cold often still 
contain basic iron(III) chloride, even after standing for months in contact with the solution. 
Even when the basic chlorides remain in colloidal dispersion, their complete conversion into 
FcOOH may take months. Starting from solutions containing an excess of hydrochloric 
acid, or of soluble chlorides, in which chlorofcrratcflll) ions (c.g., (FcCI^] -) are therefore 
present, the gradual reduction of the hydrogen ion concentration loads at first to the partial 
replacement of Cl by OH, according to the equations: 

[FeCI,]- + OH- ^ [FeCUlOH) ]- -F Cl ■ 

[FeCUOH]- -F OH ^ (FeClj(OH)j]- -F CI-. 

The occurrence of these replacement reactions was demonstrated, by G. Jander and Jahr. 
by measurements of diffusion velocities and absorption spectra. At the same time, deposition 
of basic chlorides or hydroxide takes place. The iron remaining in solution is, however, 
present for the most part in monomolccular form, as chlorohydroxo ions, which are directly 
in equilibrium with the precipitate. The precipitation does not take place, therefore, 

through the formation of higher molecular hydrolysis products in solution, as it docs with 

irondll) perchlorate or nitrate solutions (cf. below and p. 284). 

If hydrolysis is carried out in warm solutions, a-FcjOj is formed. If the hydrogen ion 
concentration is suddenly and drastically reduced, as by the addition of caustic alkali or 
ammonia in excess, amorphous iron(III) oxide hydrate is thrown out of solution. 

(Hi) Iron oi^xhloride {basic iron chloride), FeOCI, is best obtained in the pure state by 
heating a mixture of FcjOj and FeClj in a sealed tube to 350®. It forms rhombic crystal 
leaflets (density 3.55) with a good cleavage, which have a metallic luster and are red by 
transmitted light. Iron oxvchloride has a well defined layer lattice, similar to that of 
y-FeOOH. 

(ii') /ron(///) bromide (iron tribromidc, ferric bromide), FeBr,, brown-red plates, is very 
similar to the chloride. 

(d) Iron(III) iodide, however, exists only in equilibrium with a large excess of iron(II) 
iodide: 

Fel, ^ Felj + Us- 

(h) Other Iron(lll) Salts 

(1) Iron{JII) perchlorate, Fe(CI04)3, can be obtained by fuming FeClj down with per¬ 
chloric acid. It crystallizes from solution at ordinary temperature as the decahydrate, 
Fe(C104)a • loHjO, in the form of pale pink doubly refracting crystals, which do not lose 
water when dried over calcium chloride and are extremely hygroscopic. 4H2O are lost by 
drying over concentrated sulfuric acid or P,Os (Lindstrand, 1936). The enneahydrate 
crystallizes from solution above 42®. The solubility of iron(III) perchlorate (96.99 g in 
100 g of water at o®, i42.ogin ioogat6o°) is even greater than thatofiron(II) perchlorate. 
The salt is also very soluble in alcohol. 

As has been shown by G. Jander (1930 and later), the hydrolysis of iron(III) perchlorate 
follows a different course from that of iron(III) chloride, in that the exchange of acid 
radicals for OH groups is associated with a simultaneous condensation process, which leads 
to products of continuously increasing molecular complexity—e.g., as in the scheme: 

2Fe(C104)3 + HjO (C104),Fe—O—Fe(CI04)* + 2HCIO4 

2 (C 10 *),Fe—O—F c(CI04)s + H ,0 ^ (Ci04),Fe—O—Fe—O—Fe—O—Fe(CI04), + 

I I -F 2HCIO4, etc. 

CIO4 CIO4 


or, since ferric perchlorate may be assumed to be ionized, 
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+ HjO ^ Fe*^—O—Fc'^- + 2H+ 

aFc*^— 0 ~Fc»+ -f HjO Fc*+—O—Fe+—O—Fc+—Fe»+ + 2H+, etc. 

Hydrolysis products of this kind exist in equilibrium with the normal salt (or its ions) 
even in relatively strongly acidic solutions. With decreasing ion concentration (c.g., on 
the gradual addition of sodium hydroxide), the equilibria undergo a con/inuOTif displacement, 
in the direction of a further increase in the particle size (as contrasted with the sudden 
condensation which is usual for the acid anions). It appears, indeed, that the particles at 
first grow preferentially in one direction, and only when they have built up long linear 
poly-cations do these aggregate into rods or platelets. Even when the particles have in this 
way attained a complexity corresponding to molecular weights of 40,000 or more, they 
usually remain in colloidal dispersion, unless they undergo conversion into pure iron 
liydroxidc, FeOOH, by elimination of the last acidic groups. Ultimately, however, unless 
the solutions arc strongly acid, iron hydroxide is deposited as the stable end-product of 
hydrolysis, in the form of a-FeO(OH), goethite. An equilibrium state is often reached, in 
which fairly high-molecular basic salts are present in solution, in conUct with a-FeO(OH) 
as solid phase. As befits the complicated nature of the reactions, the hydrolysis equilibria 
arc usually attained in solution only very slowly, often in the course of weeks or months. 

Jander and Jahr have found that the hydrolysis of iron(III) nitrate follows a similar 
course (except that, in this case, nitrato ions are also present in equilibrium with the hy¬ 
drolysis products in solutions containing excess of nitric acid). The hydrolysis of iron(III) 
perchlorate appears to be typical of the course taken by the hydrolysis of the iron(in) salts 
of strong acids which do not form complexes with Fe+++ ions, or have only a weak tendency 
to do so. The hydrolysis of chromium and aluminum salts in aqueous solutions takes place 
in an essentially similar manner. Here also, the average particle size of the hydrolysis 
products docs not increase suddenly, but increases gradusilty as the ion concentration is 
lowered. The solutions never contain hydrolysis products of a uniform molecular complexity, 
but always of a range of ionic weights, which shifts continuously towards greater particle 
sizes as hydrolysis proceeds. 

(n) Iron{II!) nitrate is obtained by dissolving iron in 20-30 per cent nitric acid. 
Depending upon the acid content and concentration of the solution, it crystallizes 
at ordinary temperature cither as almost colorless cubes of Fe(NOj), • 6HjO, or 
in monoclinic crystab with the composition Fe(NO,), • gHjO*. It dissolves in 
water with a brown color, which is attributable to hydrolysis (see above), and 
which disappears upon the addition of nitric acid. Iron(III) nitrate is used as a 
mordant in dyeing, and is also employed in medicine.. 

(ni) Iron{III) sulfate is used as a mordant, and for the manufacture of iron alum 
and of Prussian blue. It also Bnds medicinal applications. As a rule, it is prepared 
only in aqueous solution, cither by the oxidation of iron(II) sulfate with nitric 
acid, or by dissolving iron oxide in concentrated sulfuric acid. In the latter case, 
the anhydrous salt which is first formed is brought into solution by boiling with 
water. 

Iron(lII) sulfate forms several hydrates, which are not easily bolated in the pure 
crystalline state. Fe,(S04)3 ■ gHjO (hexagonal) and7UCTu<r(f/tteFe3(SO«)a*ioH30 

(monoclimc) are found native. If the hydrates are cautiously heated anhydrous iron(III) 
sulfate remains as a white powder, which dissolves only slowly in water. Dissolution takes 
place rapidly, however, if a little iron(II) sulfate is present. If iron(III) sulfate is more 
strongly heated, it breaks up into iron(III) oxide and sulfur trioxide: 

FcjfSO,), = Fc,Oj + aSOj. 

Hydrolysis takes place to a considerable degree in solution, and a whole series of basic 

* Other hydrates may exist as well as these. 
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svlfaUs can be isolated. Various basic sulfates have also been found in Nature—e.g., aniaran- 
thite (hohmannite) Fe^Oj • 2SO3 • yHjO. glockerite (vitriol ocherj, aFoaO, • SO, • 6 H ,0 
raimondite, 2Fej03 • sSO, • 7HsO. and others. 


(iv) Double Salts of Ironilll) Sulfate. Iron Alums. The most important of ilie douljle 
salts ofiron(IU) sulfate arc those belonging to the class of alums, with the general 
formula M'Fe(S04)j ■ 12H2O. Ammonium iron alum, .\H4Fe(S04)2 ■ 12H,0, and 
potash iron a/um, KFe(S04), • laH.O, arc of technical importance, cli'iefly as 
mordants in dyeing. They are prepared by oxidizing iron vitriol in solution by 
means of nitric acid, and crystallizing alter the addition of ammonium or po¬ 
tassium sulfate. When quite pure, the iron alums are colorless, but they often have 
a pale violet color, due to traces of manganese(III) sulfate. 

The mineral voltaiu, which is occasionally found native, is a double sulfate of apparently 
complex constitution. Its composition approximately fits the formula 

KjFe''s(Fe>^ * 32 - 36 H, 0 . 

A number of double sulfates of analogous composition, but containing NH^, Rb, or Tl' in 
place of K, and Mn'*, Co*’, Mg, 2 n, or Cd in place of Fe”, have been prepared by Gossner 

(1930)- 

(y) hon{III) oxalaU and OxalatoferraU{III) Salts (‘Ferrioxalates’).Additionof ammonium 
oxalate to iron(III) salt solutions yields brown precipitates of variable composition. The 
complex salt (NH^ljfFefCaO^la] • sHjO (ammonium trioxalatoferrale(III)) can be isolated 
as green crystals which are stable in air, from solutions which contain an excess of am¬ 
monium oxalate. Other salts of the same type are also known. 

When a solution of potassium trioxalaioferrate(III) is exposed to light, the trivalent iron 
oxidizes the oxalic acid to carbon dioxide (being itself reduced to the bivalent state), to an 
extent which is proportional to the amount of light absorbed. The reaction can be utilized 
for the measurement of quantities of light (actinometry). 

{vi) Iron{IlI) silicate generally occurs in Nature in the form of double silicates—e.g., 
acmite (aegirine), NaFe‘"(Si, 0 ,), andradite (lime iron garnet), Ca3Fe’u,[Si04j3,—and 
very commonly in isomorphous admixture with double sulfates of aluminum, with corre¬ 
sponding compositions; aluminum usually preponderates in these. 

(wt) Iron{III) phosphate, FePOi, is precipitated as a yellowish white substance when di¬ 
sodium phosphate is added to a solution of iron (III) chloride. If a yellow solution of iron(III) 
chloride is treated with phosphoric acid, it is practically decolorized, as a consequence of 
the formation of colorless phosphatoferrate(III) complex ions—e.g., tFe(P04)3]*-. It was 
proved by Jensen that pure phosphato complexes are formed, and not chlorophosphato 
complexes, from the fact that the solubility of FePO* in acid solutions containing chloride 
and phosphate increases with the concentration of phosphate ion, but is independent of the 
chloride ion concentration. 

{viii) Acetatotriiron{III) Salts. The action of concentrated acetic acid upon freshly precipi¬ 
tated iron(III) oxide hydrate yields a dark red solution. On evaporation, this leaves a 
glassy red mass, which was formerly regarded as iron(III) acetate, Fe(CH3G02)3. Actually, 
as was shown by Weinland, products obtained by this and similar methods (although 
usually inhomogeneous) consist, like the chromium acetates, of compounds containing an 
electropositive hexaaeetatotriironilll) complex. This complex usually exists in solution as a 
univalent cation, [Fe3(CH3COj)4(OH) J'*’*. Weinland was able to isolate, in the crystalline 
state, a number of salts derived from this cation, of the type [Fe3(CH3C02)*(0H),]X. 
Among the salts isolated was the acetate, [Fe3(CH3C08)e(0H)2]CH3C02 • HgO (hexa- 
acetatodihydroxotriiron(III) acetate). According to Weinland, the blood red color pro¬ 
duced by adding sodium acetate to solutions of iron(III) salts is also due to the formation 

* The formation of this cation has also be confirmed by electrometric titration (Tread¬ 
well, 1930). 
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ol (ompounds containing an acctatotriiron(in) complex. When solutions containing 
«!Oclium acetate arc boiled, the whole of the iron is thrown out of solution as a red brown 
prec ipitate, which contains iron and acetate ion in the approximate ratio 3:1, and which 
probal)lN' consists essentially of the insoluble compound 

CHaCOr 

Fe, O, 

(OH), _ 

which is derived from the hcxaacetatodihydroxoiron(III) complex by exchange of 
•.C^MjGO," with 30“ (or for 60 H"), whereby the complex loses its cationic charge. Since 
(hrotniutii forms similar compounds, which do not. however, undergo decomposition and 
pr<-< ipitation when they are boiled, and since iron and chromium can mutually replace one 
.uiother to some extent in these substances*, some iron is left in solution on boiling with 
sodi iiin acetate if much chromium is present. Conversely, if much iron is present it may 
carry down a portion of the chromium with it. 

(rv) Iron{III) thiocyanate and Thiocyanatoferrates. When thiocyanate ions are 
added to an iron( 111 ) salt solution, a blood red coloration is produced. The colored 
compound can be extracted with ether. The principal constituent of the solutions is 
iron{III) thiocyanate, Fe(SCN)3. If an excess of SCN" ions is present, hexa- 
thiocyanatofcrratc{III) ions, [Fe(SCN),]’ , are formed as well**. If the concen¬ 
tration of thiocyanate ions is high enough, the red coloration appears even at 
extremely low Fe^^‘ ion concentrations. The reaction therefore lends itself to the 
detection and determination of iron(III) salts. 


The hexalhiocyanatoferraUsilll) (e.g., potassium hexathiocyanatoferrate(lll), 
KjlFtdSCNle) • aHjO, deliquescent, dark red hexagonal prisms) are only weakly com- 
plexcd. I hcy undergo extensive dissociation when they arc dissolved in water, unless an 
excess of SCN’ ions is present. The existence of [Fe(SCN),]^- ions in the solution has been 
proved, however, by transport experiments in alcohol solution. Iron(III) thiocyanate, like 
other heavy metal thiocyanates, is decomposed by alkali hydroxides. 

(x) Cyanoferrale{III) Sails (Ferrig/anides). With an excess of CN' ions the Fe‘*^+ 
ion forms the very strongly complexed ion [Fe(CN)e]’”. Salts derived from this, 
M‘j[Fe(CN),], arc the hexacyanoferratc{III) salts or fcrricyanides, the most 
important being the potassium salt, K3[Fe(CN)*], (German ‘rot Blutlaugensalz*— 
see above), which was discovered by Gmelin. It is prepared by oxidation of 
potassium ferrocyanide (hexacyanoferrate(II)) in hydrochloric acid solution, by 
means of chlorine, permanganate, or other strong oxidizing agents: 

[Fe(CN),]<- + iCI, = Cl- -I- [Fc(CN),]>-. 

It exists as dark red monoclinic crystals, which form a yellow powder when they 
arc crushed, and dissolve in water to give a yellow solution. It is less stable than 
potassium ferrocyanide, and is therefore poisonous^ unlike the latter. It has strong 
oxidizing properties, especially in alkaline solution. Thus it reacts with hydrogen 
peroxide, liberating oxygen and re-forming potassium ferrocyanide, which is 
stable in alkaline solution. The redox potential of the couple [Fe(CN)8]*“ / 
{Fe(CN),]*-, relative to the normal hydrogen electrode, is —0.44 volts. 

• Wcinland was able to prepare crystalline compounds of the general formulas 
[Fc,CrAc,(OH)g]X and (FeCr,Ace(OH)JX (Ac = CH5CO,—). 

** The (FcSCN]++ ion has also been identified in solutions containing and SCN- 

ions. 
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The free acid Hj[Fe(CN),] can be prepared by the action of fuming hydro¬ 
chloric acid on a pure concentrated solution of potassium ferricvanide, but is 

much less readily obtained pure than is the hexacvanoiron(II) acid ihvdroferro- 
cyanic acid), H,[Fe(CN)e]. 

(jri) Prussian Blue and Turnbull's Blue. If the solution of an iron(III) salt is 
treated with a solution of potassium ferrocyanide, a dark blue precipitate of 
Prussian blue 01 berlin blue is obtained. A dark blue pvtcxpWTiXt—Turnbull's blue—{^ 
also obtained if the solution of an iron(Il) salt is treated with potassium ferri- 
cyanide. Both reactions are of analytical importance, for the detection of iron and 
for identifying the state ol oxidation in which it is present. Prussian blue is also 
used as a pigment, and is manufactured for this purpose. 

The formation of prussian blue and of Turnbuli’s blue can be represented by the follow¬ 
ing equations: 


Prussian blue reaction, 4Fe^-"+ -f- 3(Fe'‘(CN)e]<- = Fe“,[Fe‘'(CN),]3 

Turnbull’s blue reaction, Fe-*-+ -f [Feo'lCN),]^- = Fe"’-’-’- + [Fe''(CN},]*- 

4Fe+++ -f 3[Pc"(<^N)d<- = Fe'^fFe'HCNle], 

Proof that a transfer of charge takes place between the Fe{II) present in the form ot free 
mns and the Fe(III) ^und in the complex, is afforded by the red coloration which the 
Fe 10ns give with SCN ions in the instant of their formation (Simon, 1936). The preci- 
p^itates known as ‘prussian blue’ and ‘Turnbull’s blue’ arc thus substantially identical. 
They nevertheless vary more or less considerably from the composition required by the 
formula Fe4(Fc(CN),]3. In particular, the precipitates always contain potassium. If an 
i^ron(III) salt solution is added cautiously, drop by drop, to excess of potassium cyano- 
ferratc(II), it is possible to obtain a blue salt, of the composition KFe[Fe(CN)eJ ['soluble 
Prussian blue ), which forms colloidal dispersions in pure water, but is coagulated by salts 
Ordinary prussian blue is insoluble in water and dilute acids. It dissolves only in oxaljc 
acid, to give a deep blue color. This is utilized in the manufacture of inks. Although prussian 
blue is very stable towards dilute acids, it is very sensitive towards even very dilute alkalis. 
It is decomposed, with the deposition of iron(III) oxide hydrate, and the formation of 
alkali hcxacyanoferrate(II). 

(x»i) Prusside Compounds. A group of complex iron cyanides containing only five cyanide 
groups is known as the prusside compounds. The best known of these is sodium nilroprusside, 
vvhich can be obtained by the action of nitric acid on potassium ferrocyanide. Potassium 
nitrate first crystallizes from solution, and then, after neutralization of the excess nitric 
acid with sodium carbonate, sodium nitroprusside, Naj[Fe(CN)j(NO)] • aHjO, is deposited 
m ruby red rhombic crystals, which are stable in air. It is easily soluble in water and alcohol, 
but the solutions are not very stable. A few other nitroprussides, of the general formula 
M«,[Fe(CN)5(NO)], are also known. 

Sodium nilroprusside is used as a reagent for S- or SH- ions, with which it gives an 
intense violet coloration. Free hydrogen sulfide does not give the reaction. It also reacts 
with SO3- ions to gi\ e a red coloration, especially in the presence of zinc sulfate or zinc 
nitrate. Sulfites can thereby be distinguished from thiosulfates, which do not give this 
reaction. 

The iron in the nilroprusside complex is probably to be regarded as tripositive, the NO 
group acting as an electroneutral group. As long as there is any uncertainty about the 
valence state of the iron it is best not to designate the complex as a pentacyanoferrate(III), 
but to sUte explicitly the number of atoms bound outside the complex—e.g., the sodium 
salt is disodium pentacyanonitrosoferrate. 

If sodium nitroprussidc is treated with concentrated ammonia solution, the NO group 
is replaced by ammonia. The iron at the same time undergoes reduction to the dipositive 
state, while the nitric oxide is converted to nitrous acid: 


[(CN) 5 Fe(NO) 3 *- -I- NH, + OH" = [(CN)3Fc(NH3j]»- -r 0 = N—OH. 
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I hc sodium -amminofcrrocyanide’ (sodium pentacyanoammineferratc{II)) Na3[Fc'*(CN)j 

(NH )1, thus obtained can be oxidized by nitrous acid to sodium amminofcrricyanide, 
(stjdium pcntacyanoammincfcrrate(III)), Naj[Fe“* (CN)5(NH3)] • H ,0 (dark yellow 
powder). Otlier examples of prussidc compounds arc: 

M'3lFc‘»(CN),(H30)] M',[Fe»(CN)5(H,0)] 

M«JFe»«(CN)s(i\ 0 ,)) M‘4[Fe«(CN)5(NO,)] 

M' 4 (Fc"(CN) 3 (As 03 )] 

M«,(Fc»(CN)s(S 03 )] 

M>,[Fc"(CN)3(CO)] 

Most of these compounds were prepared by Hofmann. The potassium pcntacyanocarbonyl- 
rerrate(II). Kj(Fe(CN)j(CO)] • 3iH,0. which can be obtained by the action of carbon 
monoxide on a warm solution of potassium ferrocyanidc, is generally present as an impurity 
in crude potassium ferrocyanidc. The corresponding free acid is also known. 

ihe compound Na,(Fe(CN)s(NO)], prepared in 1925 by Ungarclli, may also be 
mentioned in this connection. It was obtained by the action of sodium hyponitrite on a 
solution of sodium pcntacyanoaquoreiTate(II). Na3(Fc(CN)j(H,0)]. Cryoscopic measure¬ 
ments show that it possesses the monomeric formula given, so that it must contain the 
radical NO, and not such a radical as N,Oj. The question whether this is a neutral ligand 
or a negative group remains open, and the (electrochemical) valence of the iron in this 
compound cannot be specified. 

As with the cyanoferratc'S. Brintzinger found that complexes containing Fe™ had 
diflusion velocities corresponding to the unhydrated ions, whereas those with Fe" as the 
central atom appeared, from their dififusion rates to be heavily hydrated. 

(i) Ferrates{VI) 

If iron filings arc heated with potassium nitrate, they undergo oxidation with a 
livelv incandescence. The cooled melt gives a bright violet solution in water, and 
on addition of barium chloride, a carmine red precipitate is produced which has 
the composition BaFeO. • HjO after drying at too®. This belongs to a class of iron 
compounds which correspond in composition to the chromates and sulfates, and 
contain iron in the hexapositive state. They are known diS ferrates (strictly, fer- 
raie(VI) compounds). The deep red potassium ferrate, K,Fe04, which is very 
soluble in water, and is therefore less readily isolated than the barium salt, is 
isomorphous with potassium sulfate. FeiTates{VI) can be prepared not only by 
the above method, but also by o.xidation of a suspension of freshly precipitated iron 
oxide hydrate, by means of chlorine or bromine, or by anodic dissolution of iron 
(preferably cast iron) in warm caustic potash or (better) soda: 

Fe + 80 H- — 6e = [FcOJ" + 4H,0. 

Ferrates are even stronger oxidizing agents than the permanganates. Thus they 
oxidize ammonia to nitrogen in the cold. Neither the acid corresponding to the 
ferrates, nor the parent oxide has yet been isolated. When ferrate solutions arc 
treated with dilute acids, oxygen is evolved, and iron is transferred from the -|-6 
to the +3 state: 

2FeO|” + 10H+ = 2Fe+++ + ijO, + 5H,0. 

On treatment with concentrated potassium hydroxide solr.tion, many ferratcs(VI), c.g., 
BaFeO^, gradually change to ferraUs{IV) with evolution of oxygen. Scholder (1952) 
obtained pure strontium ferratc(I\'), SrjFcO,. by heating a mixture of Sr(OH), and 
Sr3(Fc(OH)g]2 in an oxygen stream to 500-800®. After removal of excess SrO, the com- 
[)Ouncl SrjFrO, is left as a deep-black crystalline powder. According to X-ray evidence this 
compound is isotypic with SrjMnOg and BagMnOg, whereas pure Ba^FeOg, also first 
[)r« pared by Srholdcr, is isotypic with BajTiOg. BajCrOg and BajCoOg. 
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(j) Iron Carbonyls and Iron Nitrosyl Compounds 

(0 Iron Carbonyls, Finely divided iron combines directly with carbon moioxide- 

slowly at ordinary temperature and pressure, more rapidly at high pressures and 

elevated temperatures-forming a highly refractive, pale yellow liquid, of the 

composition Fe(CO)s, iron pentacarbonyl. The compound has a density of 1.404 

(at o ), freezes at —20® and boils at 102.7°. It dissolves readily in benzene 

paraffin hydrocarbons, and ether, but is insoluble in water. It is not attacked by 

pseous hydrogen chloride, hydrogen bromide, or hydrogen sulfide, but is attacked 

by hydrogen iodide. The first mentioned acids attack iron carbonyl dissolved in 

ether or alcohol, but not in aqueous solution. In ethereal solution, nitric and 

sulfuric acids also decompose iron carbonyl, the latter reacting smoothly according 
to the equation: ^ 


H,SO, + Fe(CO)j = FeSO, + H, + 5CO. 

Iron carbonyl\s prepared on a technical scale by heating finely divided iron with carbon 
monoxide at 180-220 under pressure (150-250 atm.). The procedure is to condense liquid 
iron pentacarbonyl out ol the carbon monoxide issuing from the autoclave, by coolinc 
and to return the gas to the reaction vessel. For some time, iron pentacarbonyl was added 
to gasoline as an ‘antiknock’, and this requirement originally led to its large scale pro¬ 
duction. It IS now used principally for the production of vcr>-pure iron (cf. p. 253), but also 
for the preparation of iron(III) oxide suitable for use as a pigment and polishing agent 
which can be obuined by burning iron pentacarbonyl. The presence of iron carbonvl in 
Illuminating gas is undesirable, since it leads to the formation of brown oxide deposits on 
incandescent mantles, which reduces their luminosity. It may be removed from coal eas bv 
passage over porous charcoal impregnated with chromic acid or chromate solution. 

Iron pentacarbcnyl gradually undergoes decomposition in sunlight*, with the deposition 
of a solid with the composition Fej(CO)^. iron enneacarbonyl (hexagonal yellow leaflets, 
structure cf. p. 355). This compound is very sensitive to air. When heated in the absence 
of air It decomposes at about 100° into Fe and CO, with some re-formation of Fc(CO) 
More stable than iron enneacarbonyl is the so-called iron tetracarbonyl (more correctly 
Irisiron dodtcacarbonyl), Fe3(CO),j. which may be obtained by treating iron pentacarbonyl 
with sodiuin alcoholate and mild oxidizing agents (see also pp. 355, 358for the preparation) 
This forms deep green monoclmic prismatic crystals (density 2.0), which arc very sparingly 
foluble in the usual solvents. It can be dissolved in iron penUcarbonyl, however, and in this 
solvent has a molecular weight corresponding to the formula Fe3(CO),2. The crystal 
structure of the solid compound is also built up from Fe3(CO)u molecules (cf. p. 355). 

(11) Iron Utranit^^osyl, Fe(NO)2, was prepared in 1929 by Manchot, by warming iron 
pentacarbonyl with nitric oxide at 44-45° in an autoclave. It forms black crystal needles, 
and IS very reactive. It decomposes, giving nitrosoiron(n) sulfate, [Fe(NO)]SO„ when it is 
added to dilute sulfuric acid. With potassium hydrogen sulfide it yields Roussin’s'black salt 
(cf. p. 270), K[Fe,S,(NO),]. It forms (NO),Fe—S-SO3K with potassium thiosulfate’ 

.S 

with 

^oc,H3 

. These compounds, some of which had previously 


{NO),Fe—SCjHj with ethyl mercaptan, CjHjSH, and (NO),Fc—S— 




potassium xanthate, Kl S—C 

L 

been isolated by Hofmann and some, in other ways, by Manchot, can be regarded as 
derivatives of Roussin’s red salt (p. 270), and like the latter are considered by Manchot to 

contain umpositive iron. 

/ 

* Photo-decomposition of the CO compounds of other metals has not been observed. 
It is quite characterisitic of the CO compounds of iron, and has been shown to occur, 
for example, with carbon monoxide-hemoglobin, as was first demonstrated by J. Haldane 
«fl 97 - 
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For further discussion of metal carbonyls and nitrosyls see p. 351 et stq. 

llicbcr found that NO reacted with iron(n) iodide, one halogen atom being replaced 
by two NO groups, bon dinitrosyl iodide, Fe(NO)*I, is thus obuined, as a deep brown-black 
compound, which may be sublimed unchanged but is extremely sensitive to air and 
moisture. The bromide, Fe(NO)jBr. is less readily obtained than the iodide. A chloride, 
with the composition Fe(NO),CI, is still more difficult to prepare; it ts more volatile than 
the bromide or iodide. A corresponding fluoride docs not seem to be formed at all. 

5. Analytical (Iron) 

In the course of analysis, iron comes into the ammonium sulfide group, being 
precipitated as a black precipitate of FeS or 2 FeS + S, according to the valence state 
present in the solution. If hydrogen sulfide is previously passed through the sol¬ 
ution, the iron is invarialjly present in the iivalent state. It can be separated from 
chromium, aluminum, and zinc by precipitation as the oxide hydrate by means of 
a mixture of sodium hydroxide and hydrogen peroxide; from manganese, by 
precipitation (also as oxide hydrate) with ammonia, in the presence of ammonium 
chloride and hydroxylammonium chloride (to hinder precipitation of manganese). 
For the latter purpose, iron must be present in the trivalent state, being previously 
oxidized with nitric acid if necessary. 

Iron is usually identified by the red coloration produced by adding thiocyanate 
to the solution of an iron(ni) salt; this can be extracted with ether. 

The state of oxidation of iron in a substance being analyzed can be distinguished by the 
reaction with potassium hcxacyanofcrrate(n) and hcxacyanofcrrate(lll), respectively. 
Iron(II) salts give with hcxacyanorerraic(II) a precipitate which is white at the moment 
of its formation, and with hcxacyanoferratc(III) a deep blue precipitate (Turnbull’s blue). 
Iron(III) salts give a deep blue precipitate (prussian blue) with hexacyanofcrrate(II), but 
no precipitate with hexacyanoferrate(III). If a deep blue precipitate is obtained with both 
reagents, iron is present in both oxidation states. 

For gravimetric determination, iron is generally precipitated with ammonia, as the 
oxide hydrate, and weighed as the oxide after ignition. Iron is frequently deter¬ 
mined volumetrically, by titration with permanganate or dichromate: 

sFc^^- + MnO.- -f 8H+ = 5Fc++^ + Mn++ + 4H,0 
6Fc++ + Cr, 0 ,= + 14H+ = 6Fc+++ + 2Cr+++ -|- 7H,0 

or iodometrically: 

Fc+++ + I- = Fc++ + * 1 ,. 

The solubility of iron(III) chloride in organic solvents makes it possible to 
separate iron quantitatively from all other elements (except, under certain 
conditions, Ga) by extraction with isopropyl ether from a 6jV-hydrochloric acid 
solution containing an iron(III) salt. 

6. Cobalt (Go) 

(a) Occurrence 

Cobalt always occurs in Nature in association with nickel, and usually in combin¬ 
ation with arsenic. The most important cobalt minerals are smaltiie, CoAs^, and 
cobalt glance (cobaltite), CoAsS. 
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Large quantities of a manganese black containing cobalt {black cobalt eanh, asbotam\ are 
found in New Caledonia and Canada. Cobalt is found in the native state (in quantities 
between 0.5 and 2.5%) in meteoric iron. 


(b) History 

In former times, minerals which could not be smelted for metal, inspitcof their metallic 
appearance, were commonly called ‘cobalts’ in miners’ slang, since thev deceived the 
miners, like the impudent mountain spirits (‘Kobolds*. also formerly called 'Cobalts’). 
The term was subsequently restricted to those ores which were hard to smelt, and which 
gave a blue coloration to glass. The metal from which they were derived, the present day 
cobalt, was first isolated and recognized as an new element by the Swedish chemist Brandt 
in 1735 - 


(c) Preparation 

The raw material for the technical extraction of cobalt is furnished chiefly by the ‘spcisscs’ 
obtained in smelting arsenical nickel, copper, and lead ores, in which nickel and cobalt are 
present as arsenides. Cobalt oxide, which is used for the preparation of cobalt pigments, and 
which does not have to be especially pure for this purpose, is obtained chiefly from these. 
Metallic cobalt is ako produced technically in increasing quantities. 

The preparation of pure metallic cobalt is somewhat troublesome, the complete separation 
from nickel causing especial difficulties. The usual procedure is to convert the speisses or 
the arsenical cobalt ore. by roasting, into a mixture of oxides and arsenates, called ‘zaffre. 
after its reddish color. This is then dissolved in hydrochloric acid. Copper, lead, bismuth’ 
etc., are first precipitated with hydrogen sulfide; arsenic and iron (after oxidation with 
chlorine) are then precipitated with calcium carbonate, as calcium arsenate and iron oxide 
hydrate, respectively; finally, bleaching powder is added in amount exactly sufficient to 
throw down the cobalt. Provided that not too large an excess of bleaching powder is used, 
the nickel remains substantially in solution. When the oxide has been sufficiently purified 
by repeated precipitation, it may be reduced to the metal by heating with suitable reducing 
agents. 

(d) Properties 

Cobalt is a lustrous metal, resembling iron, of density 8.8. Its melting point is a 
little lower than that of iron. Cobalt is very tough, and excels steel in hardness and 
tensile strength. Like iron, it is ferromagnetic, and undergoes transformation into a 
non-magnetic modification above 1000®. 

Cobalt ordinarily crystallizes with the magnesium-type structure (hexagonal close 
packed), a = 2.510, c = 4.06 A. It has been found, however, that the finely divided metal, 
obtained by gently heating the oxide in hydrogen, has the face-centered cubic structure 
(a = 3*554 A) with which nickel usually crystallizes. This modification is stable above 
about 480®, and is apparently stabilized at lower temperatures by the absorption of hydro¬ 
gen. 'Die shortest interatomic distance is the same in both modifications (Co Co = 
a.5HA). 

Cobalt has a rather smaller capacity for absorbing hydrogen than has iron. Sieverts (1934) 
found that 100 g of cobalt absorbed 0.08 mg of H, at 600®, and 0.49 mg of Hj at 1200®, 
under i atm. pressure. The quantity absorbed is proportional to the square root of the 
hydrogen pressure. Nitrogen is practically insoluble in cobalt up to 1200®. 

Compact cobalt is not attacked by air or water at ordinary temperature, but is 
pyrophoric, like iron, when finely divided. It dissolved much less readily than iron 
in dilute acids (e.g., sulfuric and hydrochloric acids), as accords with its position 
below iron in the electrochemical series. (Standard potential = +0.28 volt, 
relative to the normal hydrogen electrode). Cobalt is readily dissolved by dilute 
nitric acid, but is passivated, like iron, by concentrated nitric acid. 
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Cobalt U oxidized when it is heated in air, and bums at a white heat to Co,04. It abo 
combines with many other elements when it is heated, often with incandescence-—c.g., 
with S. P. As, Sb, Sn, and Zn. It forms several compounds when melted with silicon 
(cf. p. 244-5, Table 29). I talso combines directly with boron at high ternperaturcs, but not 
with nitrogen. It combines readily with the halogens. Cobalt forms mixed crystals in all 
proportions with iron and nickel, and also with manganese and chromium. In its behavior 
towards carbon, cobalt resembles iron; however, the carbide CosC never separates out 
during cooling (although, according to Ruff, the existence of the compound is probable in 
the melt), but graphite is always formed when the carbon content exceeds the ^turation 
limit of the mixed crystals. The action of CH^-or CO on metallic cobalt at slightly raised 
temperatures (below 225®) gives the compound Co,C, which decomposes at higher temper¬ 
atures (Bahr, 1930). Cobalt can bring about the catalytic decomposition of CO and CH4 at 
temperatures at which the carbide is unstable (cf. p. 709). 


(e) Uses 

'Fhe chief use of cobalt was formerly in the form of the potassium double silicate 
(cobalt glass) as a blue pigment {smalt). 

Smalt, which was already known to the ancient Egyptians and Romans, is obtained by 
fusing cobalt oxide (or roasted cobalt ores) with silica sand and potash. The fine dark blue 
melt is ground up, after it has cooled, and the powder is used for coloring glass melts in 
ceramic work and in the glass and enamel industry. 

It is only during recent years that metallic cobalt has found extensive uses, but 
considerable quantities are now employed for the production of alloys for certain 
high speed steels and for cutting alloys. 

High speed steels permit the use of high working speeds when they arc used for tools in 
metal turning, since they retain their hardness at a red heat. Still higher working speeds can 
be achieved by the use of the so-called ‘hard alloys’, which posses very great hardness—e.g., 
widia metal and stellite. These alloys can be used in place of diamonds in rock drills, etc., 
as well as for cutting tools. Widia metal (German ‘wie Diamant*) consists of tungsten carbide 
with about 10% cobalt. SulliU contains about 50% cobalt, 27% chromium, 12% tungsten, 
2.5% carbon, and up to 5% iron, with some manganese and silicon. 


7* Cobalt Compounds 

The majority of simple cobalt compounds are derived from dipositive cobalt, 
and most complex compounds from the triposilive state. Oxides derived from 
+2, -f-3 and -I-4 cobalt are known. The oxide of tetrapositive cobalt, CoO„ is not 
known in the pure state, however; it can combine v/ith strongly basic oxides to 
form salts {cobaliites or cobaltates(IV)) which, like the parent oxide, are not very 
stable. Cobalt(III) oxide, Co, 0 ,, and especially cobalt(II) oxide, CoO, act as 
basic anhydrides, and form salts of the general formula CoX, (cobalt(IIl) salts) 
and CoX, (cobalt(II) salts), respectively. Simple cobalt(III) salts are known in 
only a few cases; nearly all simple cobalt salts are derived from cobalt(II) oxide. 
The most important of them are the chloride, CoCl, ♦ 6 H, 0 ; nitrate, Co(NOj), • 
|)H, 0 ; and sulfate C0SO4 • 7H,0. These are soluble in water, as is the acetate, 
Co{CH,CO,) 2 • 4H,0. Most simple cobalt salts of weak acids are sparingly 
soluble. Hydrated cobalt(II) salts are pink to red at ordinary temperature, as are 
their solutions. They turn deep blue when they are warmed. 
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arc^lyuo f compounds mentioned are not really simple salts, but 

tained from them bv heatincr h compounds. The anhydrous salts can readily be ob- 
monla Xene" ^y\e Sd the nitrate, which decomposes). Am- 

cobalt(II) salts. Nearly all coblltfin salu""^ k? ^*?r 

which are only weakN comolexed h ^ capable of forming acido-salts. most of 

The acido-cLpouIeds 

compounds formed by combinado^of „ y ; f T complcxed. Complex 

terized by relatively g'^eTsX tv Js ^ h ^<>balt are also charac- 

fact. form salts with^manracir;adicris Tnpositive cobalt can, in 

ions-^.g.. CCo(NH,),]-^^*. (Co(Nh 1{OH)]!^^ fCofN^H WNoT/'“n 

known, in which cobalt is nre^ent ' 7 •* ’ l^o(^“3)4(N02)sJ*. Numerous salts are 

bromide iodides cyanides^ th^ complexes-e.g.. nitrates, nitrites, chlorides, 

rrrr:bfai„Tbt“'“ 

cX Jd r,'nT"'' • ^ brown-black 

color, and can be prec.pitalcd w.th alcohol. It has the constitution 

NO. ^S-SO, 

Co K,. 

NO • ^S-SOa 

ma^Tsor''"'*' '=°(NO),Br, and Co(NO),l, obtained by Hieber (,939) 

NOcio be receded as compounds of unipositive cobalt if it is permissible to regard the 

^ Grube (1926) obtained cyanocobiltate(I) 

complex tons, in aqueous solution, by the electrolytic reduction of hcxacyanocobaltate(II) 


(a) Oxides and Hydroxides 

Cobalt(II) oxide is prepared as an olive-green powder by heating cobalt(II) 
hydroxide or carbonate in the absence of air. Cobalt(H) hydroxide, Co(OH)2 is 
obtained as a precipitate which is blue at first, but turns pale pink on standing 
when the solution of a cobalt(II) salt is treated with potassium hydroxide. In air* 
t^hc precipitate is slowly oxidized to brown cobalt(III) oxide hydrate, as is ironCII) 
hydroxide. This oxidation occurs more rapidly in the presence of strong oxidants 
such as NaOCl, CI„ Br*, H, 0 „ and then proceeds as far as the partial formation 
of black cobalt dioxide hydrate, CoO, • xH, 0 . The cobalt(III) oxide hydrate* 

* Preparations made by precipitation from aqueous solution have a composition 
corres^nding fairly exaedy to the formula Co, 0 , • sH.O after drying. They are generally 
m a high state of dispersion, but in so far as they yield X-ray diffraction patterns, they 
show the structure of anhydrous Co, 0 ,. It is curious that the monohydrate CojOj • HjO 
which was recognized as a definite compound by Huttig (1929), on the basis of its de¬ 
hydration curve, and which occurs native (as siainUriU), does not differ in structure 
(according to Natta, 1928) from anhydrous Ck>,Oj. 
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can only be dehydrated to anhydrous brown cobalt{III') oxide under certain 
experimental conditions. As a rule, loss of oxygen occurs before all the water has 
been given up, with the formation of the black cobalt{II, IV) oxide, C03O4. 

CojO, is isotypic with the spinels and with magnetite {a = 8.07 A). Unlike Fea04, 
however, the metal ions in C03O4 are not dipositivc and tripositive, but di- and tetra- 
posifivc, as in Mnj04. The Co*+ ions occupy those lattice positions which, in the ordinary 
spinel structure, arc taken up by Mg*"" ions. (V'erwey and Dc Boer, 1936). 

All the cobalt oxides pass into the monoxide, CoO, when they are very strongly ignited. 
They are all reduced to metallic cobalt when they arc heated in hydrogen. 

UoO crystallizes with the rock salt structure (a = 4.24 A). The pink Co(OH)| has the 
brucite structure (a = 3.17, c = 4.64 A), and forms mixed crystals with other hydroxides 
(.f the same structure—e.g., Mg(OH),. Zn(OH)a. Ni(OH),. The blue cobalt(II) hydroxide 
(litVers from the pink form by its higher degree ofdispersity. and by the disordered arrange¬ 
ment of its atoms. It is open to question, whether it is a special modification, with its own 
c rystal structure*. Feitknecht (1936) inferred from its X-ray diffraction pattern that the 
blue hydroxide, like the green basic chloride of cobalt, had a ‘double layer structure’, in 
which the ‘principal layers’ had the same structure as in the pink hydroxide, but were 
pushed apart, to a distance of about 8 A. and were mutually displaced, by intercalated 
intermediate layers’, of a disordered hydroxide structure. This constitution can be 
sclu-matically represented as fCo(OH)j]4 • Co(OH)j. which implies that 80% of the cobalt 
atoms are in the ‘principal layers’, and 2o'’o in the ‘intermediate’ layers. The action of 
atmos[>hcric oxygen on the freshly precipitated compound leads first to the oxidation of the 
(obalt of tlu- intermediate layers, giving [Co(OH)j]4 • CoO(OH), which is analogous in 
structure to the green basic chloride. Oxidation of the cobalt of the principal layers takes 
place much more slowly, and furnishes CoO(OH) or CojOj • HjO as the end product. 

The color of anhydrous CoO also depends upon the degree of dispersion and the per¬ 
fection of ordering of the atoms. It may be yellow, grey, brown, reddish, bluish or black, 
as well as olive green, but it has not yet been proved that any other modification than the 
cubic form exists. 

The heat of formation of crystallized CoO is 57.2 kcal per mol (Roth, 1931). The heat of 
formation of CofOH), from CoOcryst and H,Onq is about 6.2 kcal per mol. The heat 
liberated by the combination of very finely disperse (‘amorphous’) CoO with H ,0 may be 
twice as great as this, since, according to Mixter (1909), the energy content of‘amorphous’ 
cobalt(II) oxide is about 7 kcal per mol higher than that of distinctly crystalline oxide. 

Cobalt(II) hydroxide dissolves in boiling concentrated alkali hydroxide, with a blue- 
violet color. Scholder (1933) showed that hydroxocobaltaU{II) ions are present in the sol- 
vjtion. He isolated the compounds Naj(Co(OH)4], Srj[Co(OH)4] and Ba3[Co(OH)4] in 
crystalline form. These are red-violet, but rapidly blacken in air as a result of oxidation. 
'I hey arc immediately decomposed by water. Solutions of Co(OH)| in hot caustic alkali of 
lower concentrations therefore yield red crystalline Co(OH)j, and not hydroxosalt. 

The true nature of the anhydrous compounds obtained by fusion of cobalt oxides with 
basic oxides, in the presence of air, and commonly known as ‘cobaltites*, has not yet been 
cleared up**. Some of them are of rather complex constitution, and contain the cobalt in 
more than one valence state. Thus, according to Belucci, steel grey needles of the compo¬ 
sition KjO • CoO • 3C0O1 are obtained when any oxide of cobalt is fused in air with 
caustic potash. They are insoluble in water and in dilute hydrochloric acid, but are slowly 
hydrolyzed by water. They liberate chlorine from concentrated hydrochloric acid, the -I-4 
cobalt being reduced to the dipositive state. ‘Cobaltites’ of simpler composition, BaO * C0O3 
and BaO * 2C0O,, and also MgO * CoO,, are obtainable according to Rousseau and Dufau, 
by heating cobalt(III) oxide in air with barium oxide and barium chloride, or with mag¬ 
nesium oxide. The existence of these compounds is open to some doubt. However, Scholder 
has recently isolated the compound 2BaO ■ CoOj (= Ba3Co04) (dibarium cobaltate(IV)) 
in a state of purity. 

* The ‘green cobalt hydroxide’ which has been described by several workers is actually a 
basic cobalt chloride, according to Feitknecht (1935) (cf. p. 298). 

•* The name ‘cobaltitc’ is used both for compounds regarded as oxy-salts of tripositive 
cobalt (cobaltate(III) salts) and for those of -}-4 cobalt (cobaltatc(IV) salts). 
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By gently igniting cobalt nitrate with the nitrates of dipositive metals, c.g., zinc, mag¬ 
nesium, Holgersson and Karlsson (1929) were able to prepare double oxides of the general 

composition M »0 • Co, 0 „ which were shown by their X-ray diffraction patterns to be 
spinels. 

Blue, vitreous potassium cobalt(II) orthosilicatc is obtained by healing 
cobalt(II) oxide with silica and potassium carbonate. If cobaIt{n) oxide is ignited 
with aluminum oxide, a blue double oxide of spinel type is also formed. The 
Thenard s blue reaction for aluminum (V^ol. I, p. 366) is based on the formation 
of this double compound. Ignition of cobalt(II) oxide with zinc oxide, or of zinc 
oxide moistened with cobalt nitrate solution, (Rinmann’s green reaction) can 
lead to the formation either of spinel-type double oxides, or simply of mixed 
crystals (cf. p. 444), according to the temperature of ignition. If magnesium oxide 
is ignited after moistening it with cobalt nitrate solution, it turns pale pink. This 
reaction is given by many minerals which contain magnesium oxide. 

(b) Sulfides 

(i) CobaU{Il) sulfide. Cobalt forms several sulfides (cf. Table 29, p. 244-5), 
which the most important x^cohaltijl) sulfide, CoS. It is formed as a black amorphous 
precipitate when ammonium sulfide is added to cobalt(II) salt solutions. The 
precipitate is practically insoluble in water, but dissolves in dilute acids, including 
acetic acid, when it is freshly precipitated (a-CoS). Crystalline cobalt sulfide is 
precipitated by hydrogen sulfide from acetic acid solutions (/ 5 -CoS) and is practi¬ 
cally insoluble in dilute hydrochloric acid. If the cobalt sulfide precipitated by 
ammonium sulfide from ammoniacal solution (i.e., a-CoS) is filtered with access of 
air, it becomes practically insoluble in dilute hydrochloric acid, although it does 
not become crystalline, but remains amorphous to X-rays. According to Fricke 
and Donges, the precipitate becomes insoluble because, in presence of air, sulfur 
from adhering ammonium sulfide solution is taken up to form a cobalt sulfide 
richer in sulfur. Only when precipitation is carried out with colorless ammonium 
sulfide solution (i.e., free from sulfur) is the precipitate completely soluble in 
dilute hydrochloric acid, as long as it has not oxidized. Precipitation with poly¬ 
sulfide solution yields a sulfide with higher sulfur content from the outset, which is 
almost insoluble in dilute hydrochloric acid even although it is X-ray amorphous. 
If atmospheric oxygen is allowed to react with sulfide precipitated by colorless 
ammonium sulfide, and subsequently washed in the absence of air, a basic sulfide 
of tripositive cobalt is formed. About half of this dissolves in cold dilute hydro¬ 
chloric acid, with the deposition of sulfur. The insolubility of the residue, which is 
not the hexagonal crystalline sulfide, is due to its enhanced sulfur content. The 
behavior of nickel sulfide is very similar. Cobalt sulfide (like the nickel compound) 
has a strong tendency to go into colloidal dispersion. The sols are brown in color, 
and may be flocculated by boiling with acetic acid. 

Whereas a-CoS is X-ray amorphous, ^-CoS has a hexagonal structure. / 9 -CoS is most 
readily obtained by dry methods—by heating cobalt powder to 700“ in a current of HjS, 
and subsequent heating to 750—800* in high vacuum. The compound Co^Sg, which differs 
but little in composition from CoS, crystallizes cubic. It may be obtained by thermal 
degradation of CoS in hydrogen sulfide, or from melts. Its structure involves a face- 
centered cubic lattice of S atoms, into which the Co atoms are so inserted that eight-ninths 
of them are tetrahedrally surrounded by 4 S atoms, and one ninth octahcdrally surrounded 
by 6 S atoms. 
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According to Weibkc (1936), cobalt sulfide, CoS, is only homogeneous when it contains a 
certain stoichiometric excess of sulfur (S : Co = at least 1.05 : i). Its crystal lattice is only 
stable when a certain proportion of the lattice sites belonging to Co atoms remains un¬ 
occupied. This is shown by the fact that the cell dimensions found by X-rays would lead 
to a higher density than is observed pycnometrically. If excess S atoms were inserted in the 
crystal structure, the density found pycnometrically would be greater than that calculated 
from the cell dimensions. 

Cobalt(II) sulhde occurs only extremely rarely as a mineral, but has occasionally been 
found in India (syepoorite). 

(it) Tricobalt Utrasulfide, C03S4, is found native as lirmaeiU, but can be prepared artificially 
also—best by healing cobalt powder to 400* in hydrogen sulfide (Schenck, 1942). The 
naturally occurring sulfide commonly h^ a part of the cobalt replaced by nickel (nickeli- 
ferous linnacitc). Linnaeite is often found in well formed crystals (regular octahedra), 
reddish-grey to copper red in color, with a metallic luster. Its crystal structure, like that of 
C'ojO,, is of the spinel type {a = 9.41 A). 

(iti) Cobalt disulfide, CoS,, can be obtained as a black powder, by the prolonged action of 
molten sulfur on cobalt monoxide. It loses sulfur when strongly heated. Its structure 
resembles that of pyritc (a = 5.64 A). 

(c) Arsenides 

Cobalt also forms several compounds with arsenic, and from the phase diagram of the 
arsenic-cobalt alloy system (investigated up to 53.5 weight-per cent cobalt), the existence 
of CojAsj, CojAs, CojAsj, and CoAs may be inferred. The arsenides CoAs, and CoAsj are 
found naiix e, the former (smaltite) being the most abundant cobalt ore. It is isomorphous 
with pyriie, but is rarely found in well formed crystab. It usually occurs in dull grey lumps, 
and always in association with nickel arsenides. Ck)As, abo occurs occasionally in a rhombic 
form, as saffioriie. Cobaltite (cobalt glance), CoAsS, which Ualso important as a cobalt ore, is 
also isomorphous with pyritc, and is derived from smaltite by the exchange of one arsenic 
atom with sulfur. The arsenide CoAs, b abo occasionally found in Nature, as skutUrudiU. 

(d) Carbonyl and Nitrosyl Compounds 

When finely divided cobalt is heated in carbon monoxide to 150-200^ under a high 
pressure (100 atm.), cobalt tetracarbonyl, (Co(CO)4]j, is obtained in the form of orange 
crystals which begin to decompose a little above 50*. The compound b insoluble in water, 
and fairly resbtant towards non-oxidizing acids. It b soluble in organic solvents (alcohol, 
ether, benzene, carbon dbulhde), and molectilar weight determinations have shown it to 
be present in solution as dimeric molecules Co,(CO),. Loss of carbon monoxide yields black 
cobalt tricarbonyl, [Co(CO)j4 or Co4(CO),,, which may be recrystallized from benzene. 

For cobalt carbonyl hydride and cobalt nitrosyl carbonyl, sec pp. 356, 358. 

As with iron halides, the action of nitric oxide on coba]t(II) halides produces cobalt 
nitro^l halides, Co(NO),X (Hieber). Their stability b greater than that of the corresjKmding 
iron compounds, and falk from the iodide to the chloride: the fluoride cannot be prepared. 
The iodide melts at 13 **» bromide at 116°, the chloride at 101*. The compounds can be 
sublimed without decomposition in air, but are hydrolyzed by water. Hieber (1941) 
assumes that in this type of compound, and in the metal-nitric oxide, complexes generally, 
the NO group b present in the form of the ion (NO)+ or (:N:: 0 :)+ which b bound to 
the central atom through the electron pair on the N atom. The binding b thus similar to 
that of the CO group present in carbonyl compounds, with which (NO)* b boelectronic; 
it b covalent in character, as is typical of the binding of ligands in strong complexes (‘pene¬ 
tration complexes’, cf. Chap. 9, Vol. I). 

The number of nitrosyl groups which can be bound in place of a chlorine atom decreases 
regularly along the scries „Fe—jjCo—,,Ni—„Cu, the compounds obtained beine 
Fe(NO),Cl; Co(NO),Cl; Ni(NO)Cl; CuCl, respectively. The bon compound b fairly 
volatile, whereas the volatility decreases steadily along the scries of compounds. 

In aqueous solution, Co++ ions, unlike Fe++ ions, cannot combine with NO, even in the 
presence of metalsrwhich can combine with halogens (c.g., silver powder). Such conditions 
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of the anhydrous cobaU(lI) halides with NO. and the chloride reacts only 
m presence of some metal which acts as a halogen acceptor. 

(e) CobalC(II) Halides 

(i) Cobalt{/I) chloride (cobalt chloride), CoCl,, is obtained in the anhydrous 
state by burning cobalt m chlorine, or by dehydrating the hydrated chloride. 
It IS a pa c blue powder, which sublimes without melting. It dissolves verv readilv 
m water (46.3 g of G0C4 in 100 g of water at o“, according to Foote); the aqueous 
solution is pink at ordinary temperature. The anhydrous chloride is verv hygro- 

scopic, and soon turns pink in air. 


? xi; '"1 solvcnts-e.g.. in alcohol, acetone, quinoline, and 

fhemTn h ^ ^luc color, and the chloride crystallizes out from 

nf blue needles when they are evaporated or cooled. 56.2 g of CoCI, dissolve in 100 g 
of absolute ethanol. The solubility in ether, however, is very slight (0.02 g in loo g). 


With water, cobalt chloride forms hydrates of various colors 

CoCl, ■ H ,0 blue violet CoCb ■ 4H20 peach bln«nm red 

CoClj-iIHjO dark blue violet CoCl* • 6HjO pink 

CoClj • 2 HjO violet-pink 


The hexahydrate turns blue when it is gently warmed. The aqueous solution also 
turns violet to blue, depending on the concentration, when it is warmed. A blue 
coloration is also produced by the addition of concentrated hydrochloric acid or 
sulfuric acid, or on the addition of chlorides of strongly electropositive metals 
(especially calcium and magnesium chlorides). 

The color changes of the solutions are due, essentially, to the dehydration brought about 
on warming. Addition compounds of cobalt(II) chloride (and of the other cobalt(II) 
halides) with the srnallest number of ligands are violet to blue, whereas those with the 
largest number of ligands—addition compounds containing 6 molecules of the attached 
neutral substance—are pink. This rule is followed not only by the hydrates, but by addition 
compounds of other oxygen-containing solvents (e.g., with methyl alcohol), where such 
are known in the solid state. Coba!t(n) chloride can also add on many nitrogen-containing 
solvents, with the formation of crystalline compounds, and in these cases also the ‘saturated’ 
compounds are pink, and the ‘unsaturated’ are violet or blue (Hanlzsch, 1927). 

The double chlorides formed with the chlorides of the alkalis and other strongly electro¬ 
positive metals {chloTocobaltaU{II) salts) are also mostly deep blue. The composition of these 
salts may be exemplified by the double chlorides with cesium chloride—CsCl-CoClj-aH^O, 
2CsCl • CoCI| (or CsjfCoCl*]), and 3CSCI • CoCl*. The apparent formation of hexa- 
halogeno anions is rarely observed—e.g., in 4LiCl • CoClj • loH^O—and it is not certain 
that this is correctly represented as Li4[CoCl,] • loHjO. X-ray structure determination 
has shown that the crystal lattice of sCsCl • CoClg is actually built up from Cs+ cations, 
and [C0CI4]*- and Cl- anions—i.e., the compound is Cs2[CoCl4] • CsCl. 

Paper impregnated with cobalt chloride turns blue in dry air, but the pink 
color is restored in moist air. Such paper is therefore used as a ‘weather indicator’, 
or hygrometer. Cobalt chloride finds applications chiefly as a laboratory reagent 
and as starting material for the preparation of other cobalt compounds. 

(it) Coball(II) bromide, CoBr,, forms lustrous green leaflets when it is anhydrous. These 
are very soluble in water, and deliquesce to give a red liquid in air. The hexahydrate, 
CoBrj • bHjO (red cr>'stals) is also deliquescent, but loses water on standing over concen¬ 
trated sulfuric acid. It melts at 100simultaneously losing water and forming the purple 
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(lil.vclratr, CloBr, • ahLO. Transition to the anhydrous salt occurs at 130“. The principal 
ivpc <)l doubir bromide appears to be M',(CoBr,(HjO),]; an apparent hcxahalogeno salt 
(see al)ovei. I.i,[C;oBr«J • i -tHjO (dark blue deliquescent crystals) was prepared by Meyer 

(idT))- 

(jm) CohalKIl • iodide, Colj. is obtained anhydrous by the direct union of the componenU, 
or !)>■ dehvdrating the hydrated salt at 130°. It forms a grey-green mass, which is soluble in 
alroliol and acetone, as well as in water. The hexahydratc, Colj * 6HjO, is dark red. Its 
aqueous solution is olive green at 20 . and a pure chrome-green at 35°. At very low temper- 
atun s an rnneahydraie (light red) is also stable. The known double iodides are mostly of 
the type M'^lCoI J --.-.g., CsjfCoI,]. Hexaiodo salts. M«4[CoIe). arc known only in isolated 


< ascs, 

(U 1 Cohalt'll) fluoride separates in rose red crystals of CoF* • 2H2O. when solutions of 

< obalt carbonate in aqueous hydrolluoric acid arc evaporated. The anhydrous salt CoFj is 
also reddish In color, as are the double fluorides—c.g., K5[CoF4] and (NH,)*[CoF4]. 

I he color change from pink through blue to green in the series of anhydrous cobalt(II) 
halides, Col'2. CoCI^. CoBr,. and Colj. arises from a shift in the light absorption from blue 
gre< n towards the red. It is assumed that this displacement is associated in some manner 
with the increase in coval«-nt character of the metal-halogen bond, in going from CoF« to 
(!ol„. I he color changes which occtir as dehydration takes place step by step can be 
explained on the same basis. The greater the number of HjO molecules (or other neutral 
ligandsi bound to the cobalt(II) ion, the more the halogen atom is displaced from the 
(.iticni, and the smaller is the polarizing effect of the cobalt cation upon the halogen anion 
Ml. \ ol. 1 . ]). 312). It is found withothercobalt(I I) salts also that the stronger the polarizing 
;u tion ot the cobalt ion on the attached anion—i.e., the more the bond character tends 
towards the covalent type—the more the color is shifted from red to green. 


(i) Basic Coball Halides. The basic cobalt halides are of interest, as representa¬ 
tives <)( two groups of basic salts, of which the composition and properties were 
first explained as a result of the determination of their crystal structures (Feit- 
kncclu. i<)33 and later). 


Basi< salts of the first group. excm[)lificd by the ‘green basic cobalt chloride’, CoCl(OH) • 
4 C;o((')H)j • 41120. have so-called ‘double layer lattices’. There may be considerable 
variations in the composition of these salts, although in the structural sense they are well 
defined compounds. The basic salts of the other group, of which ‘pink basic cobalt chloride’, 
CojOlfOHfa, is a member, possess ‘simple layer lattices’. Salts having this structure are 
iinariably much simpler in composition than the double layer lattice salts, and their 
(om[)Osition Is either invariable, or varies only within narrow limits. 

({ |) Green Basic Cobalt Chloride. Double Layer Lattices. If a solution of cobalt(II) chloride is 
treated with a quantity of alkali insufficient to precipitate the hydroxide completely, the 
blue (:o(OH) 2. which is at first incompletely precipitated, is subsequently transformed, by 
reac tion with the CoCb remaining in solution, into green basic cobalt chloride*. In the ideal 
case, this corresponds in composition to 4 Co(OH)j • CoCl(OH) • 4HjO, although the 
conqjasition is variable. The structure of this compound is built up from layers of Co(OH) 2, 
exactly as occur in crystalline Co(OH)j. Between these Co(OH)2 layers (‘principal layen’) 
are others (‘intermediate layers’), built up from CoCl(OH) and HjO. Principal layers and 
intermediate layers arc stacked alternately. The intercalated CoCI(OH) layers push the 
principal layers apart to a distance of 8.2 A. as compared with 4.65 A in CofOH)* itself. 
At the same time, a displacement in the plane brings the OH groups of one principal layer 
vertically above an OH group of the next principal layer. This stacking is not found in the 
hydroxide. The constituents of the intermediate layers differ from those in the principal 
layers, in that they are distributed quite at random over the lattice sites. Feitknecht 
concluded from the color (or absorption spectrum) of green cobalt chloride that the cobalt 
was predominantly covalently bound in the intermediate layers, and ionic in the principal 

* This compound was formerly, but erroneously, spoken of as a second modification of 
cobali(II) hydroxide. 
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layers. TIk- dlfferenre in bindint; shows itself in the rhemU al behavior, in that the , oltah of 
the.ntermcd.atc layers IS more readilv oxidized than that of the principal layers 

I-citknccht who first described tin- essentials of this type of structure. < all. d th. m .hM' 
layer lattices. T hey are found tn the basic .salt.s of other bivalent metals, as tvell as of coltah 
e.g.. uith nickel. ironflT. mangane-sef 11 ,. cadmium, and magnesium, .Salts uhi.h h.iv. 
dns structure form foliated crystals, and can lose water continuously, sin. e it is not bonrul at 
definite lattice positions. The .same may be true of oth. r constituents of the int. rinedia.e 
layers (as in the case of green cobalt basic chloride i. and such constituents may b.- pr. sent 
in variable amount. However. X-ray diffraction siudi.^s have shown that in many of these 
basic salts the cations and anions are regularly arranged in the intermediate layers ,as th, v 
invarmbly are in the principal layers). Even so. the over-all ratio of hydroxide to salt can 
vary between certain limits, in that hydroxyl ions and acid anions can nuituallv replace one 
another in the intermediate layers. Alt.Tnativ.-ly. there may be zones in the crystal in which 
several hydroxide layers follow one another consecutively, the inierm«-diate layers being 
omitted. Substances having double Jav.-r lattice struciur.-s have a particular tendency to 
undergo topochcmical reactions (cf. Chap. 19.. If they are brought into r. action with dis¬ 
solved substances, the attack takes place only along the layer planes, and never at right 
angles to the layers. 

(lii) Pink Basic Cobalt Chloride. Simfde Layer Lattices. On prolonged standing, in contact 
with a not too dilute solutionofcobalt chloride, the green basic chloride gradually changes 
into the pink basic cobalt chloride, CoaC^OH),. This has a so-callcd ‘simple layer lattice 
structure’, i.c., a structure built up from sheets all of the same kind. This kind of structure 
was first found for a basic salt by Hoard (1934), in the case of basic cadmium chloride, 
Cd(OH)CI (cf. Fig. 50, p. 449 )- Pmk basic cobalt chloride consists, according to Feit- 
knecht. of single sheets of cobalt ions, on either side of which the hydroxyl and chloride 
ions are distributed in an ordered arrangement. This arrangement is probably very similar 
to that of the individual ions in the cr>’stal lattice of cobalt(II) hydroxide the brucite 
structure, Fig. 61. \’ol. I. p. 261), except in so far as the partial replacement of hydroxyl 
ions by chloride ions leads to an expansion of the distance between the sheets. From the 
color of the compound Feitknecht inferred that the binding between cobalt and chlorine is 
essentially ionic. 

It has been established that simple layer lattices are present in basic salts of nickel and 
zinc, and in the basic cadmium chlorides, as well as in some of the basic cobalt salts. 

(liti) Basic Cobalt Bromides. Four basic bromides of cobalt are known; a green salt isomor- 
phous with the green basic chloride; a iie/ef-rerf salt, Co,Br(OH)3, which forms a simple 
layer lattice, like the chloride of analogous composition, although with a different arrange¬ 
ment of ions within the individual layers; a bliU’Violet salt with double layer lattice; and a 
pink basic chloride of still unknown structure. Whereas up to one third of the chloride ions 
in the pink basic chloride may be exchanged for bromide ions, none of the bromine in the 
violet-red basic bromide can be exchanged for chlorine. 


(f) Other Cobalt(n) Salts 

(1) Coball(II) cyanide and Cyanocobaltate{II) Salts. With CN" ions, cobalt(II) salts give a 
precipitate which is insoluble in water and dilute acids, but soluble with a yellow color in 
ammonia and ammonium carbonate solutions; after drying, it has the composition 
Co(CN)j • 2H2O. Treatment of the fresh precipitate with potassium cyanide solution yields 
a solution which is at first green, and from which a green precipitate, KjCo[Co(CN)5], 
often deposited. It is essential that no rise of temperature should occur, as the cobalt is 
otherwise converted to the trivalent state, with evolution of hydrogen. On standing, the 
solution gradually turns red, and if it is sufficiently concentrated, violet crystal leadcts of 
potassium pentaeyanocoballaU{JI) (Adamson, 1951) separate out. These may be washed with 
alcohol and ether (in which they are insoluble), and may be kept without changing, in an 
atmosphere of hydrogen. The compound is ver>' soluble in water, with a deep red color, 
and is converted into the hexacyanocobaltatc(III) on boiling; in the absence of oxygen the 
reaction proceeds by the discharge of hydrogen ions and evolution of hydrogen gas; in the 
presence of excess CN- ions the reaction occurs even on gentle warming. Other cyano- 
cobaltate(II) salts have been prepared, in addition to the potassium salt. 
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(») Cobalt{/I) thiocyanate and Thtocyanatocobaltate{II) Salts. Cobalt thiocyanate, 
Co(SCN), • 4H2O, exists as deep red-violet, rhombic, very deliquescent crystals, 
winch dissolve in a little water to give a dark blue solution. This turns red when 
it is diluted, but the deep blue color is restored on the addition of acetone. Cobalt 
thiocyanate also dissolves with deep blue color in alcohol. The pure salt is best 
obtained by neutralizing cobalt carbonate with a solution of thiocyanic acid, or by 
metathesis between cobalt sulfate and barium thiocyanate; the solution may be 
evaporated over sulfuric acid. 

Most of the thiocyanatocobaltate{Il) salts conform to the type M'a[Co(SCN)4]. 
Thus the ammonium salt is obtained by treating a cobalt(II) salt solution with 
ammonium thiocyanate, extracting with amyl alcohol, (or with a mixture of equal 
volumes of amyl alcohol and ether), and evaporating the solution. It forms blue, 
highly refractive needles, which may be recrystallized from acetone. It crystallizes 
from water as a hydrate, (NH4),[Co(SCN)4] • 4H,0. The potassium salt is ob¬ 
tained by a similar method. Other tetrathiocyanatocobaltates, and a few penta- 
and hexathiocyanato salts, are also known. 

I'hc reaction of cobalt salts with ammonium or potassium thiocyanate is often used 
lor the analytical detection of cobalt. It is usual to shake up the red aqueous solution with a 
mixture of amyl alcohol and ether. The test can be carried out with greater sensitivity by 
producing the blue color in the solution itself, by the addition of acetone. 

(ill) Cobalt{II) nitrate, Co(NOj), • 6HjO, forms deliquescent, carmine red, 
monoclinic prisms or plates, which are very soluble in water (to give a carmine 
solution). It is used in analytical chemistry (especially in blowpipe analysis) as a 
reagent, and finds applications in the production of cobalt pigments and in 
ceramics. It is prepared by dissolving cobalt, cobalt oxide, or cobalt carbonate in 
dilute nitric acid. The hexahydrate first loses 3H,0 when it is heated, and then 
decomposes on stronger healing, with the evolution of nitrous fumes and the 
formation of the black-brown oxide. 


When a litde sodium hydroxide is added to a cobaIt{II) nitrate solution, green basic 
cobalt nitrate is obtained. This has a composition which is usually very close to Co(N04), • 
6Co(OH)„ and possesses a double layer lattice structure; the distribution of the compo¬ 
nents between the principal and intermediate sheets can be represented by the formulation 
4Co(OH)j • Coj.jj(NO3)j. 5(OH)|.0, analogous to that of the green basic chloride. In con¬ 
tact with concentrated cobalt nitrate solution, the green salt is converted to the pink basic 
nitrate, Co,(NO,)(OH),, having a simple layer lattice (Feitknecht, 1934). 

(iv) Cobalt{II) Mitriu and Double Nitrites. Cobalt(II) nitrite has never been isolated, al¬ 

though it may exist in solution. Double niuites have been obtained by mixing hot concen¬ 
trated solutions of cobalt(II) chloride and alkali nitrites—e.g., 2KNO, • Co(NO*). • H O 
yellow powder. * “ * ’ 

(v) Cobalt{U) sulfate crystallizes at room temperature from solutions of cobalt, 
cobalt oxide, or cobalt carbonate in dilute sulfuric acid, as ^cobalt vitriol\ C0SO4 • 
7H,0 red monoclinic crystals, isomorphous with iron vitriol, stable in air. The 
salt is readily soluble in water (36 g of C0SO4 in 100 g of HjO at 20^), but in¬ 
soluble in alcohol. 

f hexahydrate C0SO4 • 6HjO crystallizes from the solutions, and the action 

of dehydrating ^ents leads to hydrates with a smaller water content. Anhydrous cobalt 
sullate IS obtained as a red powder which dissolves rcadUy in water, by heating the hydrated 
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materials with concentrated sulfuric acid. Double sulfates crystallize from solutions con¬ 
taining alkali sulfates-e.g., (NH.^^SO, • Co.SO, • bH^O, red crystals isomorphous with 
ammonium magnesium sulfate and with Mohr’s salt. On the basis of diffusion measure¬ 
ments, Brintzinger considers that solutions with a high sulfate ion concentration contain the 
binuclear complex ions [Co2(S04),]^-. 

There are two basic cobalt sulfates—a blue salt with the composition CoSOj • 3Co(OH) 
(with variable water content), and a violet salt, aCoSO, • sCofOH)* • 5H2O. Both havt" 
double layer lattice structures. Both salts can lose water, and reabsorb it, continuously 
however, the violet salt turns blue in the course of dehydration, and the color change is not 
reversed when it is hydrated again. X-ray studies show that the initially ordered s'tructiir<- 
of the intermediate layers is destroyed during dehydration, and the distance between the 
principal layers (CofOHlj layers) is diminished. During rehydration this dimensional 
change is reversed, but the disordered structure of the intermediate layers remains (Feit- 
knccht, 1934). 

Cobalt vitriol is found in Nature in small amounts, as a pink bloom on cobalt ore.s 
{bieberite). 

(yi) Cobalt{II) sulfite and Sulfitocobaltate{II) Salts. When sulfur dioxide is passed through 
an aqueous suspension of cobalt hydroxide, coball{II) sulfite, C0SO3 ' oHjO, is obtained in 
reddish granular crystals, sparingly soluble in water. Treatment of a solution of a hot 
solution ofcobalt(II) sulfite or chloride with potassium sulfite produces a pale red crystalline 
precipitate of pot^ium disulfitocobaltate(II), which is not very stable in air. The same 
compound is obtained by boiling cobalt hydroxide with potassium hydrogen sulfite. Other 
sulfitocobaltates (e.g., the sodium and ammonium salts) have been obtained similarly. 

(vii) Coball{Il) carbonate and Carbonatocobaltaleilf) Salts. Blue precipitates of basic carbonates 
arc generally obtained by the addition of alkali carbonates to cobalt(II) salt solutions. The 
hexahydrate of the neutral carbonate, C0CO3 • 6H2O, violet red microscopic crystals, can 
be prepared by carrying out the reaction in a solution saturated with carbon dioxide. The 
anhydrous salt is formed at 140® in a sealed tube, as a light red powder (consisting of 
microscopic rhombohedra). 

The precipitate obtained by treating a cobalt(II) salt with ammonium carbonate 
solution turns crystalline when left standing for some time under excess of the precipitant, 
the double salt (NH4)2C03 • C0CO3 • 4H,0 being formed in bright red prisms. The sodium 
and potassium double carbonates (carbonatocobaltates) are similar in composition. 

{viii) Cobalt{II) oxalate and Oxalatocobaltate[II) Salts. Cobalt oxalate is formed as a pin' 
precipitate, when oxalate ions are added to a cobalt(II) salt solution. It is best obtain 
pure by dissolving cobalt(II) carbonate in aqueous oxalic acid, and then separates a- 
pink powder of the composition CoCjO^ • 2H,0. It is almost insoluble in water and aqueo 
oxalic acid, but dissolves in warm concentrated ammonia and especially in ammonin 
carbonate. Double oxalates (oxalatocoba]tate(II) salts) can be obtained from solutio 
containing excess alkali oxalate—e.g., K,C,04 • CoCjO* • 6HjO—red rhombic prisn 
soluble in water. 

(ix) Cobalt{II) acetate. Go(CH3COj), • 4HjO, may be prepared by dissolving coba 
carbonate in acetic acid. It forms very soluble red crystals, isomorphous with the acetat' 
of magnesium, zinc, manganese, and nickel. It finds application as a bleaching and drying 
agent for varnishes and lacquers. 


(x) Ammoniates of Cobalt{II) Salts. Anhydrous cobalt{II) salts of strong acids— 
e.g., the halides and sulfate, and also the thiocyanate—can usually combine with 
up to 6 molecules of ammonia. Thus hexamminecobalt{II) sulfate, [Co(NH,)3]S04, is 
formed as a reddish-white powder when ammonia gas is passed over the anhydrous 
sulfate. The compound can also be formed by passing ammonia into a solution of 
cobalt(II) sulfate. It is very soluble in aqueous ammonia, but may be precipitated 
by addition of alcohol. It is decomposed by pure water, and is thus to be regarded 
as a very weakly comfilexed compound. 
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Other rohalt(II) ammoniatcs are similar in behavior. Thus the pale pink fiexammine- 
coboHd !' chloride is also obtainable by passing a large excess of ammonia into concentrated 
cobalt chloride solution. It is very soluble in dilute ammonia, much less so in concentrated 
ammonia, and is decomposed by water. (Co(NH3)j)Brj and (Co(NH3)g]I, also are red 
po\v<lers. Thus ih<’ hrxammine compounds of bivalent cobalt resemble the hexaquo com¬ 
pounds in their color. In many cases, hydroxylamine, hydrazine, and organic nitrogen 
anhvdrobases can be combined in place of ammonia. The hydrazine addition compound of 
cobalt oxalate. C'oCjO^ • 2N2H4, (raspberry red) may be specially mentioned since, unlike 
the hytlrazine contpounds of the chloride, bromide, and sulfate, it is not markedly de¬ 
composed by water. 

Gobalt(I I ) halides, and cobalt(II) salts with strongly polarizable acid groups, can usually 
combine with neutral ligands without displacement of the anion from coordination with 
the f<-ntral atom. C^ompounds of the type C0X2 • 4.Am (X = Cl, Br, I, CN. SCN, etc., 
.\m ~ organic amine) are thus usually non-clectrolytcs, (CoXjAm^J. It is the exception 
for the anion to be displaced from combination with the central atom when 4 neutral 
ligands are bound, so that the resultant compound can dissociate clcctrolytically. Thus 
o-phcnylene-diaminc forms |Co(C,H4(NHj)2)j]Cl2, probably because the large size of the 
neutral ligand slerically hinders the simultaneous attachment of the halogen atoms to the 
central atom. 

I he compounds (CoXj.^m,] arc not very stable, and this is generally true of substances 
of the type (.\I"X2.Am4]. This is probably why the existence ofets-trant isomerism has never 
been established among .such compounds [Hicber, Elektroefum., 39 (1933) 24]. In the few 
cast's where the stability is great enough for a compound of this type to exist, only the cner- 
geticall>’ fas'ored configuration of the ligands can be obtained, since the ligands, which are 
weakly bound, can readily interchange their places. 

(g) Gobalt(ni) Salts 

(j) Cob(ill{I/I) fluoride was first obtained by Barbieri, as the hydrated salt G0F3 • 3IH2O, 
by the electrolysis of a saturated solution of cobalt(II) fluoride in 40^0 hydrofluoric acid in 
a cooled platinum dish which served as anode. It is a chrome green powder, which is 
decomposed by water, with the deposition of cobalt(III) oxide hydrate. The anhydrous 
fluoride, C0F3. obtained in 1929 by Ruff by the action of fluorine on cobalt(II) chloride, is 
a light brown powder (density 3.88), crystallizing in the hexagonal system. It decomposes 
into cobalt(II) fluoride and fluorine when it is heated to about 300*^ in COj, and is a 
valuable fluorinating agent. 

Potassium fluorocobaltate(III), K3[CoFj), formed by the action of fluorine on a mixture 
of C0CI2 and KCI, is the only known cobalt(III) compound with the magnetic suscepti¬ 
bility of the Co’+ ion (corresponding to 3 unpaired electrons, and indicative of a ^normal 
complex’, with ionic bonds between central atom and ligands). All other cobalt(III) 
complex compounds are so-called ‘penetration complexes’; they are diamagnetic, indicating 
the rearrangement of electron levels involved in the formation of covalent bonds between 
central atom and ligands. 

Cobalt(III) chloride has not yet been obtained. Solutions of cobalt(III) oxide hydrate in 
hydrochloric acid evolve chlorine. CoClj may well be stable in the gaseous state at higher 
temperatures, however. According to Schafer (1951), CoCl, is considerably more volatile at 
800" in a stream of chlorine than in a stream of hydrogen chloride. It was inferred from this 
that a volatile higher chloride is formed when the cobalt chloride is heated in chlorine. 

(li) CobaU{III) sulfate^ 002(804)3 ■ iSHjO, can be prepared by the anodic 
oxidation of a cold, concentrated cobalt(II) sulfate solution containing sulfuric 
acid in a diaphragm cell. It exists as blue needles, and is at once decomposed by 
water, but dissolves without appreciable decomposition in dilute sulfuric acid. 

Cobalt(III) sulfate forms alums with the alkali sulfates—e.g., potassium cobalt alum, 
KA1(S04)2 ■ 12H2O, made by mixing equivalent amounts of cooled solutions of cobalt(III) 
sulfate and potassium sulfate. The alum forms dark blue octahedral crystals which are 
decomposed by watyr, with the evolution of oxygen, but can be washed with glacial acetic 
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acid and acetone. The dceo blue i eviim. v -a- , 

potassium salt. ^ ' '■ubidumi alums are mu< h less soluble than the 

ion *!co^ H O^) ^•^Jmsofeobahi III I suilate uncloub(e<lly eoniaiii the hexaquoeobalt' lU) 

^ .u • • ^ ^^oiuiion. '* nn cal( nun (aroonatc this eivi s ii orfr iiiimir* 

having the composition CaJCo^Ct) ti ...a a ^<i pr< (ipunit 

•ft o \ 1 V '•u / • /'*' ^'2 4 3j2* and iiius contains ilu* complex acid 

I j s nov\c\c r. and the acid is not verv stable Jii solution Ir 

decomposes, with deposition ofcobaltilli oxalate The silts \I' lf\wC* n ^ i /• i 
cobaltatc(III) salts) arc more stable than the ^ acid I 3lCo(C30,)3] Cnoxalato- 
ammonium salt iNH , fCr.^r- i u Jl ^ acid~(.g., the deep green monoelimc 
ammonium salt (AH,. [ColC-^O.-j] • ^H^O. uhich can be prepared either bv shikinc. 

arnmomum oxalatocobaltated I» solution u ith lead dioxide and acetic acid 1 bv eiectri^ 
lytic oxidation of mixed ammonium oxalate and cobalt(JI) salt solutions Only a few 

A * '“""A- “"’7 '"'--'“■'“'O -■ k"-". in con.ras. .o 

chromium. Durram s salt according to Werner (1914) and Sparu (1934), is potassium 
dioxalatohvdroxoaquocoballate(III). K,fCo{C,Od2(OH)(HjO)]. 

(K-) Salts and He.acyanocobalt(IIIi oad. The action of excess of 

cotahZurK pentaev^no 

cobaltate(II). KzfCofCNlsJ. and this is converted, by access of oxygen or by discharge of 

KtScNrrf hr'<»cyamcobaUalf{IIl) salt. Potassium hexacyamcobaltaUUH). 

K3(Co(CM«], forms transparent pale > enow crystals, isomorphous with those of potassium 
hexac>^noferratc(III). Its solution yields precipitates of the hexacyanocobahate(in) salts 
of the hca\> metals, e.g. by double decomposition with lead or copper(n 1 salts. The free 

r* by decomposing these hea\ y metal salts with hydrogen 

sulfide. From it, other soluble hexacyanocobaltaie(III) salts may be prepared—e.e. the 

sodium ammonium, barium, and strontium salts. Hexacyanocobalt(III) acid can also be 
obtained directly from the potassium salt, by evaporation with nitric or sulfuric acid, and 
extraction oyHc residue with water. Itforms colorless feathery crystals. H3fCo(CN)-l • H O 
which are soluble in water and alcohol, but not in ether. 

K3(Co(CN)e] reacts with metallic potassium, dissolved in liquid ammonia, to form a 
complex ol electrochemically zerovalent cobalt: 

K3[Co(CN)e3 + 3K = 2KCN + K,[Co(CN),] 

{Hieber, * 952 ). KjfCoJCN)*} is obtained as a brown-violet, finely crystalline, pyrophoric 

substance. It dissolves in water with the vigorous evolution of hydrogen, and is attacked 
even by dry CO*. 


(&) Hexanilrocobaltate{III) Salts. Although cobalt(III) nitrite is not known, its 
complex salts, the hexanitrocobaItate{III) salts {‘cobaltinitrites’) M'3[Co(N02)9], 
are readily prepared. Sodium hexanitrocobaltate, Na3[Co{N02),], which is used as 
a reagent for potassium ions, is prepared by mixing cobalt nitrate with sodium 
nitrite solution, adding acetic acid, and blowing air through. After the solution 
has been allowed to stand for some time, to permit potassium or ammonium 
hexanitrocobaltate arising from impurities to settle out, the sodium salt can be 
precipitated by the addition of alcohol. It may be recrystallized by redissolving 
and adding alcohol again, and forms a yellow powder which readily gives a yellow 
brown solution in water. 

Potassium hexanitrocobaltate, K3[Co{N02),], (Fischer’s salt), is thrown down as a 
sparkling deep yellow powder by the addition of sodium hexanitrocobaltate to 
solutions of potassium salts. Under microscopic examination it exhibits well 
formed prisms and double pyramids. It is very sparingly soluble in cold water 
(i part in 1120 at 17®), and is decomposed by hot water, with the evolution of XO. 



7 


^04 SUB-GROUP 8: METALS OF THE IRON SERIES 

It is almost insoluble in alcohol and ether. Under the name of cobalt yelW or 
aurcolin it is used in oil painting and water color painting, as a substitute for the 
true Indian yellow. It is also employed in glass and porcelain painting, since un¬ 
like the cobalt oxide ordinarily used, it is free from nickel and iron, and therefore 
confers a purer blue tone to silicate melts. 


Ammonium hcxanitrocobaltate resembles the potas.um salt in solubility The radium 
and cesium salts are particularly insoluble, their solublhli« being l part in 19.800 and 
1 in 20,100, respectively at 17°. Both crystallize with lH, 0 . 


(h) Cobalt Ammines 

Ammonia is much more firmly bound by tripositive cobalt than by the element 
in its +2 state. Ammoniacal solutions ofcobalt(II) salts also have a great tendency 
to be oxidized to the +3 state, and this oxidation can be effected even by atmo- 

spheric oxygen. 

If air is passed for some time through a solution ammonium 

chloride and ammonia, it is possible to isolate the compound [Co(NH,)4jCl3 {hexammtne- 
cobaltilll) chloride) from the solution. It forms orange yellow ciystals, and was formerly 
known as luUocobaltic chloride. The constitution of this compound follows from its analytical 
reactions (all the chlorine is immediately precipitated by silver nitrate), and from the con- 
ductivity of its solutions, which has a magnitude typical of the values found for salts which 

dissociate into 4 ions. . , x. r 1 x- 't’l- 

In addition to the yellow salt, it is possible to isolate a red salt from the solution. This w^ 

formerly called roseocobaltic chloride, and has the composition CoCI, • 5NH, • H, 0 . All the 

chlorine is ionized in solution, and if the chlorine is replaced by o^er acid radicals, the 

resulting salts invariably contain at least iH ,0 in addition to jNHj. It is therefore assumed 

that the H.O molecule is bound to the cobalt inside the complex, together with the 5NH3 

molecules, and the salt is accordingly formulated as [Co(H,0){NH3)5]CIj {aqwpentammvne- 

coball{III) chloride). . .r . 1 • u- l 

Yet another purple red anhydrous compound can be obtained from the solution; this has 

ihe composition CoCl, • 5NH,, and was formerly c^led purpureocobdtu chloride. Its 
reactions indicate that i Cl atom is complex-bound, in addition to 5NH3; as was first 
established by Krock in 1870, only 2 Cl atoms can be immediately precipitated by silver 
nitrate from a freshly prepared solution. It is accordingly to be formulated as 
(CoChNHjljJCl,, chloropentaTnmirucobalt(III) chloride. 

Another compound exists, with the composition C0CI3 • 4NHJ, which contaim 2CI bound 
within the complex, and ionizes only 1 Cl atom in solution, except in so far as it undergoes 
decomposition. This compound, formulated as dichlorotetTamminecobalt{III) chloride, 
[CoC1,(NHj) 4]CI, like the chromium compounds of the same type, cxiste in two isomeric 
forms (p. 147)— cis and trans isomers. The cis compounds arc blue-violet, and the ^ans 
compounds green. They were originally known as violeo- and praseo- cobalt chlorides, 
respectively. 

The compounds mentioned arc examples of the first members of the most 
important series of cobalt(III) salt-ammonia compounds, known briefly as 
lobaltammines. The known types of mononuclear cobaltammines are summarized in 
fable 33. They exist in as great a multiplicity as do the chromium ammines*. 

X with chromium ammines, ammonia may often be replaced by the molecules of other 
ogen anhydrobases. Negative groups R within the complex may be either halogen atoms 


• It is noteworthy that complexes containing a single NH3 molecule are unknown, 
inong both cobalt(III) and chromium(III) complexes. Such compounds exist, however, 
1 the case of 4- 2 and -f-3 iron, and also for tripositive iridium. 
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or the radicals of weak acids, whereas the groups X outside the complex may frequently be 
the radicals of strong acids. 

The aquoamminocobatt(III) ions are acidic in nature—i.c.. tliey can split off protons, 
and pass over into the corresponding hydroxo ions—e.g., 

[Co(H, 0)(NH,),]-»+ + HjO (CoiOH}(NH,1j]*+ + H,0*. 

The position of equilibrium between the complcmcntar>’ aquo- and hydroxo ion pairs 

[Co(H, 0)(NH,)5]^^^ ^ ^Co(OH)(NH,)s]-^ 

[Co(H, 0 ),(NH,^ (Co{OH)(HJO)(NH3),] + ^ 

etc., depends in a systematic fashion on the number of aquo molecules in the complex. 
The greater the number of aquo molecules in the complex, the more the equilibrium tends 
to favor formation of the hydroxo ion, at any given hydrogen ion concentration (Bronsted. 
1928). Parallel with the tendency to lose a proton runs the tendency to acquire an electron— 
i.e., to pass into a complex ion of rfiposiiive cobalt. 

TABLE 33 

PRINCIPAL TYPES OF MONONUCLEAR AMMINES, A^UO- AND A Cl DO-CO M P LE X ES 

FORMED BY TRIPOSITIVE COBALT 


a b c d e 


I [CoAm.]-* 

Co 

(H» 0 ). 

+ -f + 


II 


tt Am, ' 

Co(H, 0 ) 

R 

Amj 

Co(H, 0 ), 

R 

+ + 

Amj I++ 

Co(H, 0 ), ' 

R 

III 

K, 

+ r Am, " 

i Co(H, 0 ) 

L R, _ 

+ ' Am* 

j Co(H, 0 ), 

R. - 

*,+ 

IV 

Co'^» 

K3 , 

7 _ ? 

• • 

V 

VI 

VII [ 

Co^* 

K4 

CoR ,]3 

1 ^ 

— ? Am = neutral ligand, such as NH,, 

pyridine, etc. 

R — complex-bound acidic group 

Rj 1 R represents one univalent acidic 

group, or the equivalent amount of 
multivalent groups. 


The radical of nitrous acid can exist in Iwo forms inside certain cobalt complexes. Thus 
two series of the compounds of the type [Co(NO,)(NH3)j]Xj are known. The compounds 
of one series are all yellow, and are more stable than the salts of nitrous acid—e.g., towards 
acetic acid. The other series is red, and much less stable, so that they can only be isolated in 
relatively few cases. It is assumed that, in the yellow compounds, as in organic nitro com¬ 
pounds which are also yellow (e.g., nitroethane, CgHj—NOj), the NOj radical is bound 
to the metal (cobalt) through the nitrogen atom, whereas in the red compounds, as in the 
alkali nitrites M+[ 0 —N= 0 ]', it is linked through the oxygen. Compounds of the yellow 
series are called nitro compounds, and those of the red series nitrito compounds 
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NHj NH, 

r.. NH3 Co NH, CL 
NHj NO, 

i\itropcntamminccobalt(III) 

chloride 


NH3 NH, 

NH, Co NH, ! Cl, 
NH3 O—N= 0 _ 

Nitrilopcntamminccobalt(III) 

chloride. 


Werner the name salt isomerism to this type of isomerism. In addition to this, the cobalt- 
amniines display the same phenomena of isomerism as have been described for the chrom- 
arnmincs. 

Nmong the dinitrotetramminc cobalt(ni) salts, [Co(NO,)2{NH3)4]X (and also the 
ditiiirodiethylenediamine cobalt(lll) salts. (Co(NO,), en,]X), the cis compounds are 
yellow brown, and the Irons compounds bright yellow or reddish yellow. The former are 
accordingly known as y/aro-salts, and the latter as crocro-salts. 

riiecobaltammincs were the compounds for which the existence of mirror image isomerism 
(optical isomerism) was first detected among inorganic compounds by Werner in 1911. 

.\s <'xamples of fiolyniidear coml>lexes, there may be cited two compounds which (with other 
similar substances^ appear as intermediates in the autoxidation of cobalt(II) salt solutions. 
T he first product obtained by the oxidation of ammoniacal cobalt(II) nitrate solutions by 
atmospheric oxygen is the compound [(NH3)5Co'"—O—O—Co*"(NH3)5](N03)| * sHjO 
{(leaimmine-n-peroxodicobaltillh nitrate), crystallizing in brown-black prisms. Oxidation of 
ammoniacal cobalK 11 ) chloride solutions by oxygen gives, as first product, a very deep 
colored mixture of various polynuclear ammino and peroxo compounds (the so-called 
melano-chloride, = black, dark colored). One characteristic constituent of these mixtures 

is the so-called ‘pure melanochloride’. a sparingly soluble violet-black salt of the formula 

(NH3)3 (NH,)3 

Co«" -NH,—Co"' (H, 0 ) Cl, 

Cl, Cl 


{trichioroaquohexammine^^S'ami<iodicobalt{III) chloride). 

The brown-black peroxo salt first mentioned is converted, by the action of nitric add or 
by decomposition in the dry slate, into an intensely green salt, considered to be decammine- 
H.peroxocobaltilll, IV) nitrate [(NH,)5Co'"—O—O—Co'v(NH3)^(NO,)^. This compound, 
and other salts derived from the same cation, arc interesting in that they contain cobalt in 
both the -1-3 and -I-4 states, as was first suspected by Werner, and more recently proved 
experimentally by Gleu (1938). Magnetic measurements (Malatesta, 1942) have also 
confirmed this conclusion. 


'HO \ 

The compounds ' Col Co(NH3)4 1 , X, {dodecamminehexoltelracobaU{III) salts) 

L VHO /.. 

t 

are the analogues of the Utranuclear type of complex already described for chromium. The 
salts of this type are brown black in color. It may be mentioned that there is also a series of 
red-brown cobalt salts, with the same empirical composition as the above, but of only half 
the molecular weight. These salts have the constitution 

NH3\ 

NHj^Co—OH^Co-<-NH, | X, 

^NH,_ 

{hcxamminctrio!dicobalt(III) salts). This sort of polymerism is ternyid nuclear polymerism. 


8. Analytical (Cobalt) 

Cobalt falls within the ammonium sulfide group in the course of analysis. The 
sulfide prjc-pitated by ammonium sulfide is no longer soluble in dilute hydro¬ 
chloric acid after filtration in the presence of air, for the reasons discussed on p. 295. 
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It can therefore readily be separated (along with nickel suHlde wliich behaves 
similarly) from the other elements of the ammonium sullide group, by digcstit)n 
with very dilute hydrochloric acid. Cobalt can be separated from nickel by con¬ 
version to the sparingly soluble potassium hexaiutrocobaltatc(111), K3[Co(\0..)(] 
or by treating the solution with alkali cyanide and hypobromite (caustic alkali 
and bromine). Whereas nickel is precipitated as the black oxide hydrate under 
these conditions, cobalt remains in solution as the strongly coinplexed cyanide, 

M'3[Co(CN),].Aquantitative separation is possible bvboth methods. The 

determination is best effected by electrolytic deposition of the metals from a sulfate 

solution, containing ammonium sulfate and an excess of ammonia. Cobalt can 

also be precipitated as the oxide, and converted to the metal by ignition in 
hydrogen. 

Cobalt compounds give a blue coloration to the borax and metaphosphate 
beads, both in the oxidizing and reducing flames. This reaction provides a very 
convenient recognition of the presence of cobalt. Cobalt may be recognized 
microchemically, either as potassium hexanitrocobaltate, K3[Co(N02)J, or in 
the form of the double salt with mercury thiocyanate, Co(SCN)2 - Hg(SC\)2, 
which forms fine blue aggregates of needle-like crystals. 

The reaction with thiocyanate and acetone, referred to on p. 300, is also very sensitive. 
The pr«encc of Feions interferes however, since the resulting red color masks the blue 
coloration. Kolthoff recommends adding ammonium fluoride, to bind the Fe+**••** ions by 
complex formation and so avoid the interference. According to Ditz (1933), however, the 
ammonium fluoride reduces the sensitivity of the reaction for cobalt, so that it is better to 
remove the iron by precipitation with calcium carbonate. 


9. Nickel (Ni) 

(a) Occurrence 

Nickel is found in Nature chiefly in combination with sulfur, arsenic, and 
antimony—as yellow nickel ore, milleriu, NiS, red nickel ore (‘Kupfernickel’), 
NiAs, breithauptitty NiSb, and also as chloanthite, white nickel ore or niccoHte, NiAsj, 
which is isomorphous with smaltite. Other minerals are gersdorjfftte, NiAsS, and 
ullmanniUy NiSbS. 

More important for the extraction of nickel than the foregoing minerals are 
gamieriUy a magnesium-nickel silicate of variable composition formed by weather¬ 
ing, and certain varieties of pyrrhotite—especially pentlanditCy which occurs in 
large amounts at Sudbury, Ontario—which can contain up to 3% nickel in 
isomorphous admixture. 

Nickel is also found native, alloyed with iron, in many meteorites. 

(b) History 

Nickel was recognized as a new metal by Cronstedt, in 1751, and named by him after its 
occurrence in red nickel ore (‘Kupfernickel’). The word ‘Nickel’ was at that time a term of 
abuse in miners’ slang, and the miners applied the name ‘kupfernickel’ to any ore which, 
from its appearance, they judged to contain copper, although they were not able to extract 
any copper from it in spite of their efforts. Even after the discovery of nickel, the view that 
‘Kupfernickel’ was a copper ore was maintained by many chemists for some time, until 
Bergmann (1775) described the properties of nickel more accurately, and showed how it 
could be prepared pure. Bergmann also recognized the close similarity between nickel and 
iron. 
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(c) Preparation 

The most important nickel ores are the garnieritc of New Caledonia and the 
Canadian pentlanditc. The latter contains considerable amounts of copper, as well 
as nickel, and important quantities of the platinum metals also. The speisses which 
arc by-products of copper and lead smelting are also often used as raw materials 

for the extraction of nickel. 

In cxirat ting nickil from garnieritc. use is made of the high affinity of nickel for sulfur. 
I hr ore is melted with substances which can furnish sulfur, whereby the nickel is conv^ted 
into Ni,S-. while most of the impurities arc slagged, by formation of sihcat«. The product 
is partially roasted, and melted again with the addition of quartz sand, and by blowing in a 
converter; the ‘crude metal’, which at fml usually has a very high iron content, is convert^ 
into ‘nickel matte’, consisting c^cntially of nickel sulfide. This is roasted to nickel(II) 
oxitle(i). which is briquetted into cubes with wood charcoal, water, and a little flour (as 
binder). These yield cubes of crude, porous nickel when they arc heated (2). 

Ni,S, + -O, = 3NiO -t- 2SO, (I) 

NiO + C = Ni -I- CO (a) 

Nickeliferous pyrrhotite is worked up in a similar manner, except that no sulfur is added 
in this case, but the sulfur content of the ore is reduced to some extent by roasting. Further, 
the high copper content of the ore leads to the production of a copper-nickel alloy, in place 
of crude nickel. This can be resolved into its constituents by electrolytic methods, but it is 
generally preferred to effect as complete a separation as possible between copper and nickel, 
before carrying out the reduction to metal. In Canada it is usual to employ the Orford or 
‘tops and bottoms’ process (of Thompson). The copper-nickel matte is melted with sodium 
hydrogen sulfate and coke in a shaft furnace. Sodium sulfide, formed by reduction of the 
‘salt cake’, forms double compounds with the copper(I) sulfide present in the matte, and 
these pass into the melt which collects in the upper part of the furnace, whereas the nickel 
sink.s to the bottom. After cooling, the ‘tops’, enriched in copper, can be separated from the 
‘bottoms’ which are enriched in nickel. In thU way, by repeating the process if necessary, it 
is possible to obtain a product containing 70 °o nickel with only 2-3% copper. The crude 
nickel is refined either by electrolysis or by the nickel carbonyl process. 

rhe carbonyl process is based on the preparation of volatile nickel carbonyl, Ni(CO)j, by 
the action of carbon monoxide on nickel, and the subsequent thermal decomposition of the 
carbonyl. Spongy crude nickel, obtained by reducing copper-poor nickel oxide from the 
Orford process by means of water gas, can be treated with carbon monoxide at 50* and at 
ordinary pressure (Mond-Langer process). Nickel carbonyl can, however, also be prepared 
directly from the nickel-copper matte by the action of carbon monoxide at 200-250* and 
200 atm. (I.G. Farbenindustrie process). Decomposition of the nickel cartonyl is carried out 
at about 200* under ordinary pressure, the carbon monoxide thereby liberated being re¬ 
turned to the cycle of operations. Nickel of very high purity is obtained by the carbonyl 
proces.s (99.9-99.99^0). A considerable proportion of the world’s pure nickel is prepared by 

this method. 

Electrolytic refining is used chiefly for platinum-bearing crude nickels, since the platinum 
metals can readily be recovered from the anode slimes obtained in the process. 


(d) Properties 

Nickel is a silver white metal of high luster, density 8.85-8.90, hardness 3.8 on 
Mohs’ scale, m.p. 1452*. It takes an excellent polish, is very ductile, can be forged, 
welded, rolled into sheet, and drawn into wire. It is ferromagnetic, although to a 
smaller extent than iron. The electrical conductivity at 18® is 13-8% of that of 
silver (14.9% of that of copper). Certain nickel alloys have a considerably lower 
conductivity—e.g., constantan (p. 310). The thermal conductivity of nickel is 
about 15% of that of silver. 
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Compact nickel is very resistant towards water and air at ordinary temper¬ 
ature, but the finely divided metal may be pyrophoric under certain conditions. 
A heated nickel wire will burn in oxygen, with showers of sparks. Nickel sheet 
tarnishes like steel when it is heated in air. The attack of dilute acids on nickel is 
perceptibly slower than on iron; it dissolves readily in dilute nitric acid but, like 
iron, it is passivated by concentrated nitric acid. 


Nickel (like palladium and platinum) ordinarily has a facc-centcred cubic lattice, 
a— 3 - 5*7 A* Bredig (1927-31) found, however, that nickel cathodically sputtered in 
hydrogen had hexagonal closest packing (a == 2.65, c = 4.32 ,\)—i.e., the structure usual 
for cobalt. .According to Leclerc and Michel, hexagonal nickel is also formed when ordinary, 
finely divided nickel is kept for a long time in an atmosphere of CO. It would accordingiy 
appear to be the stable modification at ordinary temperature. It changes at 250 into the 
cubic form. Hexagonal nickel is not ferromagnetic. 

Nickel stands next to cobalt in the electrochemical potential series. Its normal 
potential is +0.25 volts, relative to the normal hydrogen electrode. 

Heated nickel catches fire in chlorine and bromine. Iialsounitcs with phosphorus, arsenic, 
and antimony (cf. Table 29, p. 244-5). Nickel is brittle if it contains much phosphorus, 
but a small phosphorus content (about 0.3%) improves the casting and working qualities of 
the metal, because of its deoxidizing action. In the molten state, nickel also takes up carbon 
very readily (up to about 6.25%.) On solidification, most of the carbon separates out as 
graphite (nickel can hold 0.5 weight % C in solid solution at 1315"^, and only 0.15 wt.^o at 
room temperature). A compound between nickel and carbon is not stable in the solid state. 
However, the metastable compound NijC—the existence of which has been established by 
X-ray methods—can be obtained by the thermal decomposition of CO on finely divided 
nickel (Bahr, 1928). Nickel combines extremely vigorously with aluminum. An equi-atomic 
mixture of nickel and aluminum combines with explosive violence at 1300®, forming xhe 
compound NiAl (A],Ni and AljNi also exist, but decompose when they are melted). Nickel 
is completely miscible with cobalt, both in the solid and liquid states, but no compounds arc 
formed. Its behavior with manganese, and also with chromium, is similar, at least at high 
temperatures. It is also practically completely miscible with iron in the solid state, but forms 
with iron a ^super-structure compound’ FeNij (Fig. 41, p. 266). See Tables 29 (p. 244-5) 
and 30 (p. 248) for its behavior with other metals. 

Metallic nickel decomposes gaseous ammonia into hydrogen and nitrogen at moderate 
temperatures. It does not combine directly with nitrogen, and does not dissolve it to any 
appreciable extent. Hydrogen, however, can be absorbed in fairly large quantities by 
finely divided nickel, especially at high temperatures. Even at ordinary temperature, a 
considerable occlusion of hydrogen may be observed when hydrogen ions are discharged at 
a porous nickel surface. It is still open to question whether definite hydrides of nickel are 
formed (in weighable amounts). The ability of nickel to take up hydrogen, and to activate 
it by converting it to the atomic state, is the basis of its action as a hydrogen carrier for 
unsaturated compounds, and of its use as a catalyst in hydrogenations. 

(e) Uses 

Nickel was used as a coinage metal in very old times. Bactrian coins of the pre- 
Christian period are known, which consist of 78% copper and 21% nickel. 
Typical modem coinage alloys may contain 75% copper, 25% nickel, and pure 
nickel has also been used. The use of nickel for alloys such as ‘nickel silver’, widely 
used for utensils, is also old. Articles made of such alloys, then called packfong, 
came to Europe from China in the i8th century. New silver, or nickel-silver, is the 
name applied to alloys containing about 10-20% nickel, 40-70% copper, 5-40% 
zinc, which are silver-white, fairly resistant chemically, and capable of taking a 
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good polisli. Pure nickel is now also widely used for domestic appliances and for 
laboratory equipment (spatulas, tongs, crucibles, etc.). Iron objects were formerly 
c()tnmonly elcctrolytically plated with nickel, as a protection against corrosion 
and to achieve a pleasing appearance: the use of nickel for this purpose, has 
largely lieen replaced by chromium plating, especially, e.g., in the automobile 
industry. Large quantities of nickel are used in the steel industry, since the ad¬ 
dition of nickel makes it possible to produce steels of great tensile strength and 
toughness (cf. p. 268). Certain nickel alloys are used as electrical resistance wires, 
because of their low conductivity-.-e.g., conslantan, an alloy of 40% Ni, 60% Cu, 
whicli also has a very low temperature coefficient of conductivity; with 

about Ni, 56% Cu, and 13% Zn, which also has a high electrical resistivity 
and low temperature coefficient; manganin (4% *2% ® 4 % which 

also has a small thermoelectric power towards copper, and is therefore chiefly 
einploN ccI ff)r making precision resistances. Nichrome wire (chromium-nickel, 60% 
.\i, .p)'’o Cr) is widely used for winding electric furnaces and heaters. Finely 
divided nickel or nickel oxide is used extensively as a catalyst in the hardening of 
fats. 

1 be salts ol nickel are used in the preparation of nickel plating baths, and to 
some extent in ceramics, to produce certain colors. 


10. Nickel Compounds 

Nickel is predominantly electropositively bivalent in its compounds, and all 
the simple nickel salts arc derived from that valence state. Hydrated simple nickel 
salts and their solutions are light green in color. This is therefore the color of the 
hydrated nickel ion Ni++. The anhydrous salts are generally different in color. 

Almost all nickel salts can form addition compounds or coordination com¬ 
pounds—both of the type of the ammines (to which, in principle, the hydrated 
simple salts belong) and of the type of acido compounds. The coordination com¬ 
pounds of nickel are less strongly complexed than those of cobalt—especially 
those of 4-3 cobalt. 

The oxides of nickel correspond in composition and in general properties with 
those of cobalt. The monoxide, NiO, is basic in character. The higher oxides 
NijOj and NiO, (which are only known in the hydrated state) have definite, 
although weak, acidic properties. This is shown in their ability to form double 
oxides with the more strongly basic oxides. In so doing, the higher oxidation state 
of the nickel is simultaneously stabilized. 

In addition to the higher oxides of nickel, several complex compounds are known in 
which nickel is present in the tripositivc and letrapositivc states. Tripositive nickel is present 
in the complexes [Ni(P(C,Hs)3),Br3] and [Ni((A5(CH3),),C,H4),Cl,]N as has been proved 
by magnetic measurements (Jensen, 1949; Nyholm, 1950). Both these complexes contain 
neutral ligands with highly polarizable atoms (P and As, respectively); the elevation of 
the nickel to the higher oxidation stale is thereby favored. Simpler complex compounds 
of -I-4 nickel are known—namely Kj[NiF,] (Klemm, 1949), and NafNilO,] ■ xHjO and 
K(i\iIO,) • xHjO (Ray, 1946). The molybdatocomplexes of letrapositivc nickel (Ray, 
1948) arc of somewhat complicated composition. Feigl (1924) and Hieber {1949) have ob¬ 
tained nickcl(I\') complexes of organic thio-compounds. 

See also p. 314 for the fluoro complexes of +3 and 4-4 nickel. 

In a few exceptional compounds, nickel can also function in the unipositive state. Thus the 
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complex cyanide of + i nickel, K.NitCN),. is definitely characteri/ed. I'his cornpourul is 
diamagnetic, and is therefore probably to be regarded as a binuclear compound 
KJNi5(CN)e]. It can be converted into KJNi(CN)jCO] by additive combination with CO 
(NastandGoehring, 1946). If it is permissible to regard NO as a neutral ligand in the com¬ 
pounds Ni(NO)CI, Ni(NO)Br and Ni(NO)I, obtained by Hieber and Nast (1940). these 
can also be included among the compounds of uniposiiive nickel. The substances which were 
formerly considered to be nickel(I) oxide and sulfide arc not homogeneous chemical com¬ 
pounds, according to the work of Levi and Borncmann. 

By' treating K2[Ni(CN)4] with metallic potassium, dissolved in liquid ammonia, Eastes 
and Burgess (1942) prepared the compound KJNi(CN)4]: this contains nickel in the zero 
oxidation state. The complex present in this compound is apparently related to Ni(CO(j 
(involving covalent bonds formed from the hybrid orbitals). Chemical evidence 

supporting this is provided by the compounds containing both CO and CN in the comj^lcx 
simultaneously, such as K[Ni(CO)3(CN)], prepared by Burg and Dayton (19491. 

(a) Oxides and Hydroxides 

(i) J\,ickel{ll) oxide, NiO, remains as a residue when nickel(II) hydroxide, 
carbonate, or nitrate is strongly ignited. It is a green powder, practically in¬ 
soluble in water but readily soluble in acids. It is readily reduced to the metal by 
heating it in hydrogen. When very strongly ignited, it is transformed into grey- 
black regular octahedra with a metallic luster, and thereby loses its solubility in 
acids. Nickcl(II) oxide occurs native, as bunsenite, in pistachio-green crystals, of 
density 6.4. It finds applications in ceramics, for colors and enamels, and is u.sed 
to give a grey color to glass. It is also used as a catalyst. The heat of formation of 
nickel{II) oxide is 58.6 kcal per mol. 

(«) .\ickel{II) hydroxide is precipitated when alkali hydroxides are added to 
nickel salt solutions; it is formed as a voluminous apple green precipitate, which 
changes to a green crystalline powder on prolonged standing under the solution. 
Nickcl(n) hydroxide is readily soluble in acids, and also in aqueous ammonia and 
ammonium salt solutions. It is converted to the oxide by ignition. 

The decomposition of Ni(OH)g to form the oxide takes place at a temperature as low as 
230® (at 10 mm water vapor pressure), as was found by Huttig (1930). However, a small 
proportion of the water formed in the decomposition of the hydroxide is firmly retained by 
the oxide, and is fully given up only at a red heat. 

NiO crystallizes with the NaCl structure (a = 4.17 A); Ni(OH)2 forms a layer lattice 
of brucite type (a = 3.08 A, c = 4.61 A). 

(Hi) Higher Nickel Oxides. When nickel carbonate or nickel nitrate is cautiously 
heated to about 300® in air, grey to black powders are obtained, which dissolve in 
hydrochloric acid with the evolution of chlorine, and in oxyacids with the evo¬ 
lution of oxygen. It was formerly assumed that the product was nickel(III) oxide, 
NigOj, although the composition of the material is subject to considerable vari¬ 
ations, and the active oxygen is generally far below that required by the formula 
NigOa (Le Blanc, 1926). This was originally overlooked, because the products 
assumed to be NigOg always contained water. ‘Nickel(III) oxide’ can be obtained 
in still more highly hydrated form, but also with a higher content of active oxygen, 
by treating an aqueous suspension of nickel(II) hydroxide with chlorine, or by the 
electrolytic oxidation of nickel(II) hydroxide in potassium hydroxide. 

Foerster states that an electrode of NijOa, dipping into 2.8-A’potassium hydroxide, has a 
potential +0.48 volts, relative to the normal hydrogen electrode. However, the potential 
displayed by Ni(OH)j immediately after it has been electrolytically oxidized is at first 
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considerably higher. +0.6 volt. Foerstcr altributcs this to the initial formation of some 
ni<keWI\' oxide. NiOj. which gradually decomposes, over the course of a few days, to give 
nukeldll) oxide, NijO,. Since the two compounds form solid solutions with one another, 
the fall in potential takes place gradually, and not discontinuously as in other cases. The 
formation of nickel dioxide hydrate is also the primary reaction in the addition of sodium 
hydroxide and chlorine to nickel salt solutions. 

Hofmann obtained the compound NijO, • 2HjO in the crystalline state by burning 
potassium metal on nickel sheet. The same compound can also be obtained by precipitation 
from solution (Ott. 1933). Oti found that the mechanically held water (i.c., that which is 
not chemically combined) could be removed from the precipitate by drying oyer calcium 
chloride, whereas more complete dehydration was accompanied by dccomfyjsition and loss 
of oxygen. According to Glemser. there are several distinct phases present in the hydrated 
higher oxides—NiO,.07-1.« • xH^O, NijO, • gH^O. NijOj • xH ,0 and NiO, • xH, 0 . These 
are not peroxides, but are compounds containing nickel in the higher oxidation states, in 
amounts corresponding to the analytically found composition. 

I he formation of nickel(lll) oxide hydrate by the anodic oxidation ofnickcl(II) hydro- 
xid«' plays a part in the working of the Edison accumulator. The electrodes of this accumu¬ 
lator consist of highly active iron powder and of ‘nickel(III) oxide*, respectively, the 
latter being mixed with finely flaked nickel to improve its conductivity. The electrolyte is 
potassium hydroxide. During discharge, the nickel(III) oxide hydrate is reduced to 
nukel(ll) hydroxide, and the iron is oxidized, substantially to iron(II) hydroxide. The 
converse processes take place during charging: 

Discharge 

Fe ^ NijOj -f 3H,0 ^- Fe(OH), + 2Ni(OH),. 

Charge 


I he Edison or nickel-iron (‘NIFE’) accumulator withstands heavy overloading, or pro¬ 
longed standing in the discharged state, without suffering damage, unlike the lead accumu¬ 
lator. The terminal voltage is about t .3 volts during discharge, and 1.7 volts or more during 
charging. The considerable difference between on-charge and discharge potentials involves 
a low over-all efficiency of energy conversion. Nevertheless, the Edison accumulator finds 
important applications—e.g., in electric traction. 

If freshly prepared nickel(III) oxide hydrate is treated in the cold with concentrated 
acetic acid, a black solution is obtained, from which black nickcl(III) oxide hydrate can 
once more be precipitated by caustic soda. The solution at once turns green on the addition 
of reducing agents, and decomposes on standing or when it is warmed. It is not certain 
whether nickcl(III) acetate is present in the solution, or whether it is merely a colloidal 
dispersion of nickel(III) oxide hydrate. 

Double oxides containing the nickel in higher oxidation states can be obtained by 
heating NiO with BaO or SrO in an atmosphere of oxygen. Schmahl obtained the compounds 
Ba2Ni"',05 and ScgNi'i'^Oj in this way; BaNi'''Oj was prepared in a similar manner by 
Lander and Wooten. It is a black powder {X-ray density 6.22), which is insoluble in caustic 
alkalis, but soluble in dilute hydrochloric acid with the evolution of chlorine. When heated 
to 730^* in oxygen (at 730 mm press.), it loses oxygen to form a phase which is structurally 
distinct from BaNiOj. Oxygen is lost continuously on further heating, until the composi¬ 
tion is Ba,NijOj. BajNijOj can be melted in an atmosphere of oxygen at 1200°, without 
decomposition. 


(b) Sulfides 

.Yickel{II) sulfide is precipitated from nickel salt solutions by ammonium sulfide— 
initially in an acid-soluble form (a-NiS), which like cobalt(II) sulfide rapidly 
changes when exposed to air in contact with the solution, into a sulfur-richer 
compound which is no longer soluble in very dilute hydrochloric acid. Nickel 
sulfide remains to some extent in colloidal dispersion (as may be perceived from 
the brown color of the medium) when it is precipitated with ammonium sulfide. 
It can be flocculated by adding acetic acid and boiling. Hydrogen sulfide precipi- 
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tales a crystalline nickel sulfide from acetic acid solution (/ 9 -NiS); this is sparinfflv 
soluble in cold dilute hydrochloric acid. 

a-NiS is amorphous 0 .NiS crystallizes with the Ni.As structure (Fig. 43, cf. also p. 249,. 
A third (rhombohedral) modification y-NIS is found native as milleriu. but can also be 
obtained from solution under certain conditions. Artificially prepared y-NiS gradually 
changes into /S-NiS in contact with the solution. 

MilleriUjoTm& lance-like radiating or sometimes hair-like crystals, of bright brassy yellow 
to brown black color, density It has a rhombohedral structure (Ni S = 2. i8 A). 

Considerable quantities of nickel sulfide arc often present in pyrrhotite. Pentlandiu, 

(Ni, Fe)#^^, is J^otypic with CooSg. It also occurs as a mineral and is an important constit¬ 
uent of the nickehferous ores of Ontario. 

■Nickel duuljide, NiS„ can be obtained as a dark iron-grey product by strongly healing 
nickel carbonate with potassium carbonate and sulfur. It has the same crystal structure as 
CoS,, heS„ and MnSj (a — 5.74 A). A sulfide of the composition NijS, occurs native as 
polydjmtU, with ^e same crystal structure as linnaeitc (CoaS,) and the spinels (a = 9.5 A). 
In addition to these, the incongruently melting compounds NijS,, Ni^Sj, and Ni,S, can be 
obtained from melts, and from the thermal degradation of 
NiS. 

Double sulfides of nickel are also known. Thus when 
nickel{II) oxide is fused with sulfur and an excess of potas¬ 
sium carbonate at 600-1100°, yellow leaflets with a metallic 
luster are obtained, with the composition K,S • sNiS. 

Belucci obtained the compound BaS • 4NiS (dark red 
crystals) in a similar manner from nickel chloride, sulfur 
and barium oxide. 

(c) Arsenides and Antimonides 

Nickel combines very readily with arsenic and anti¬ 
mony, as it docs with sulfur. It has already been men¬ 
tion!^ that the arsenides NiAs and NiAs, and the anti- Fig. 43. Unit cell of nickef 
monide NiSb, occur as minerals. Mixed crystals of NiAs arsenide, NiAs. 

and NiSb {ariU) arc also found native. The compounds a = 3.61 A, c = 5.03 A. 
formed from melts are listed in Table 29, p. 244-5. 

The crystal structure of ordinary nickel arsenide (red nickel ore) is represented in 
Pig- 43 - The same structure is found for NiSb and for ^-NiS, /?-NiSe and NiTe (cf. Table 31. 
p. 250). The diarsenide, NiAs,, exists in two modifications—commonly as the cubic niccoliu 
(chloanthitc), and more rarely rhombic, as rammelsbergiu. The latter has the same crystal 
structure as lollingite, FeAs„ and safflorite, CoAs,. NiAsS (gersdorffitc) and NiSbS (ull- 
mannite) are isotypic with cobalt glance (cf. p. 296). 

(d) Nickel Tetracarbonyl 

Nickel tetracarbonyl, Ni(GO)4, discovered in 1888 by Mond and Langer, is 
formed by passing carbon monoxide at 50-100® over finely divided nickel (ob¬ 
tained by reduction of NiO with hydrogen below 400®). 

In the laboratory, nickel carbonyl is most conveniently prepared, according to Hiebcr 
anorg.Chem. 269 (1952), 28], by the action of carbon monoxide on the readily obtainable 
nickel(n) phenyldithiocarbamate, Ni(S • SC • NHC3H5),. As Hicber has shown, this 
reaction depends upon the fact that nickel compounds of certain organic thio acids on 
treatment with carbon monoxide undergo disproportionation in the following manner: 

2Ni° + 4CO -► Ni*’' (complex) -f Ni*’(CO)4. 



If the conditions for the formation of a nickel(IV) compound arc not provided, carbonyl 
formation does not occur. (Cf. p. 250, 318.) 
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The carbonyl is a colorless liquid which boils at 43®, solidifies at 25®, and has 
a density of 1.310 at 20^ Its critical temperature is about 200® and cntical 
pressure about 30 atm. The vapor density corresponds to the molecular weight 173 

(calculated 170.7). The vapor is poisonous. 

For the industrial application of nickel carbonyl, for the preparation of pure 

nickel, see p. 308. 

Unlike most other nickel compounds, which arc paramagnetic, nickel carbonyl is 
duimo^netic. It has a high dispersion. The compound is perfccUy sUble at ordinary temper¬ 
ature when kept in a scaled tube, but is oxidized gradually in air. It burm with a bright 
luminous flame when it is ignited: mixtures of nickel car^nyl vapor and air are explosive. 
It is insoluble in water, and is therefore not attacked by dilute acids and alkalis. It dissolves 
in ether, benzene, and chloroform. Nickel carbonyl vapor dissociates into its componenU 
when it is passed through a tube heated to 180-200°. depositing a brilliant mirror of metallic 
nickel. Strong oxidizing agents (e.g., concentrated nitric acid or chlorine) decompose 
nickel carbonyl, forming nickel(II) salts and carbon dioxide or carbonyl chloride (phos- 

gene). 

In the presence of moisture, nickel carbonyl reacts with NO, forming deep blue nickel 
nitrosyl hydroxide, Ni{NO)OH. 

(e) Nickel Halides 

(1) J^ickd chloride^ NiCl„ is obtained in the anhydrous sUtc by burning nickel in 
chlorine, or by heating the hydrate or ammomatc. It forms sparkling golden 
yellow crystal scales, which are soft, resembling talc in feel, and arc readily 
sublimed (density 2.56, crystal structure—cf. p. 249). It is converted into nickel(II) 
oxide when it is gently healed in air. It is readily soluble in water and alcohol 
(100 g of water dissolve 64.0 g of NiClj at 20°, and 81.2 g at 60 ). From the light 
green aqueous solution, it crystallizes as the hexahydrate^ NiCIi • 6HjO, in grass- 
green granular prismatic monoclinic crystals, isomorphous with those of cobalt 
chloride hexahydrate. It is gradually converted to the dihydratc on standing over 
concentrated sulfuric acid. A monohydratc is also known. 

Nickel chloride forms double salts with the alkali chlorides—e.g., NH4CI • NiCl, • 6 H, 0 , 
green rhombic prisms; CsCl • NiCl|, yellow crystals. 

(«) Nickel bromide, NiBr„ and nickel iodide, Nil,, are very similar to the chloride. They 
generally crystallize from solutions as the hexahydrates. The trihydratc and enneahydrate 
of the bromide are known, as also are double bromides. 

(iii) Nickel fuoride,NiFt,is best obtained in the anhydrous state by heating the ammonium 
fluoride double salt. It exists as long prisms, which arc light brown to green when dry, very 
sparingly soluble in water, and insoluble in alcohol and ether. The trihydratc, NiF, • 3 H, 0 , 
is obtained by evaporating a solution of nickel hydroxide in hydrofluoric acid, in the form 
of pale green granular crystals. Double salts have been obtained by melting the appropriate 
salts together, or by mixing their solutions—e.g., KF • NiF, ■ H, 0 , a sulfur-yellow pre¬ 
cipitate. 

The compounds Kj(Ni™F,] and K,[Ni»’'F,] are formed by the action of F, on a mixture 
of NiCl, and KCl. KjlNiF,] is the only known fluoro complex which must be classed as a 
‘penetration’ complex; it is diamagnetic, and therefore involves d*sp^ hybrid covalent bonds. 
All other fluoro complexes have the magnetic susceptibility appropriate to the central ion 
of the complex; they thus apparently involve ionic binding forces, and arc classified as 
‘normal’ complexes. 

(jV) Basic Nickel Halides. When a warm, moderately concentrated nickel chloride 
solution is incompletely precipitated with sodium hydroxide, a basic nickel chloride is obtained, 
of the average composition NiCl, • 3Ni(OH)„ but with a rather wide range of existence 
(Cl : OH vaiy'ing between 1 : 1.9 and 1 : 4.3). Thb forms a 'simple layer lattice’, derived 
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from that of nickel hydroxide by the partial, random substitution of Cl ions for OH - ions; 
a certain expansion of the lattice takes place simultaneously (a = 3.18 A c = 5 48 A) The 
considerable dimensional change accounts for the fact that the hydroxik- lattice docs not 
pass by a continuous transition into that of the basic salt. The basic bromide has the same 
structure and average composition as the basic chloride, but the range of homogeneity is 
much narrower (^r: OH varying from i : g.8 to . : 3.3). There is also a second basic 
nickel chloride. Ni(OH)Cl. of constant, or nearly constant, composition. This is formed 
when a warm conceiUrated solution of nickel chloride is incompletely precipitatid with 
sodium hydroxide. It also possesses a ‘simple layer lattice’, derived from that of NiCI bv the 
substitution of OH- 10ns for one half of the Cl - ions. This probably occurs, as in Cd(OH)CI 
with all the chloride ions being on one side of the nickel ion sheet, and all the hydroxyl ions 
on the other (cf. Fig. 50, p. 449) (Fcitknecht. 1936). 

(f) Other Nickel Salts 

(1) Nickel (yanide and Complex Cyanides. Nickel cyanide is precipitated in a green hydrated 
form when CN* ions are added to solutions of nickel salts. I hc yellow-brown anhydrou.s 
salt. Ni(CN)„ is obtained by heating the precipitate to 180-200'. Freshly precipitated 
nickel cyanide dissolves with a golden yellow color in an excess of alkali cyanide solution 
and complex salts [cyanonickelates) can be isolated by evaporating the resulting solutions— 
e.g., Naj[Ni(CN)4] • sHjO (long yellow six sided prisms which lose their water when 
gently healed). The cyanonickelates are decomposed by strong acids, nickel cyanide being 
precipitated. ® 

The action of‘nascent’ hydrogen (e.g., from sodium amalgam and water) upon an alkali 
cyanonickelate(II) turns the solution blood red in color. Bclucci (1914) showed that this 
reaction was due to the reduction of the nickel to the -h i state. He was able to isolate the red 
potassium cyanonickelaie(I), K,[.\i(CN)3]. and to establish its composition by analysis. 
This compound is diamagnetic, both in solution and in the crystalline state. It may be in¬ 
ferred from this that it must be a binuclear complex. This inference has been confirmed by 
Nast (1952), by an X-ray structure determination, which showed the compound to be 

potassium tetracyano-//-dicyanonickeIate(I}, K4((CN)jNi^^|'j^NifC.N)j]. 

(«) Nickel thiotyanale and Complex Thiocyanates. Nickel thiocyanate. Ni(SCN)8, is obtained 
^ a (generally somewhat hydrated) yellow brown precipitate, by dissolving nickel carbonate 
in aqueous thiocyanic acid, or by double decomposition of nickel sulfate with barium thio¬ 
cyanate. It dissolves fairly easily in water to give a green solution. Well crystallized complex 
salts (thiocyanatonickelates) can be obtained by evaporation of solutions containing alkali 
thiocyanates. These can be recrystallized from alcohol, and in some cases from water 
without decomposition—e.g., Na,[Ni(SCN)4] • 8 H, 0 , green crystals, and K4[Ni(SCN)e] • 
4H,0, blue crystals. 

{Hi) Nickel nitrate usually crystallizes from aqueous solutions as the hexahydraie, 
Ni(NOa)2 • 6H2O, in emerald green monoclinic crystals, isomorphous with those 
of the corresponding cobalt salt. The tetrahydrate crystallizes above 54.0*, and 
the dihydrate above 85.4®. An enneahydrate is stable below —3® (Sieverts, 1934). 
Nickel nitrate is used in ceramics to produce brown colors. 

Of the basic nitrates of nickel, that with the composition Ni(NOj)2 • Ni(OH)j • SHjO is 
noteworthy because of its structure. According to Feitknecht it probably has a complex 
ionic lattice, [Ni{HjO)«](Ni(OH)j{NO,)j], in contrast with the majority of basic nickel 
salts, which have layer lattice structures. 

(lii) Nickel nitrite and Complex Nitrites. Double decomposition between barium nitrite and 
nickel sulfate yields a solution, from which, on evaporation, nickel nitrile, Ni(N02)2, is ob¬ 
tained in orange crystals, which are stable in air and soluble in water, giving green sol¬ 
utions. Complex nitrites crystallize from solutions containing the nitrites of the alkalis and 
alkaline earths; these are of the type M‘4[Ni(N02)j] (hexanitronickelates)—e.g., 
K4[Ni(NOj)a], brownish red octahedra which are insoluble in alcohol, but can be re- 
crystallized from water. 
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(y) Nickel sulfate can be obtained by dissolving the metal, its oxide, or (^rbonatc, 
in dilute sulfuric acid. In the technical preparation, nickel is gener^y dissolved in 
nitric acid or aqua regia, and evaporated down with sulfuric acid. The diluted 
solution is treated with barium carbonate to precipitate impurities, and is eva¬ 
porated. The hexahydraie, NiS04 • 6 H, 0 , crystallizes out on cooling, in two 
modifications—bluish green tetragonal crystals formed between 31.5® and 53.3°, 
and green monoclinic crystals above SS-S*"* latter arc isomorphous with 

magnesium sulfate hexahydrate. The emerald green heptahydrate, NiSO^ • vHjO 
(‘nickel vitriol’) generally crystallizes at ordinary temperature from pure aqueous 

solutions. 


Nickel \ ilriol is occasionally found native, as morenosile. Unlike iron- and cobalt vitriols, 
nickel vitriol is rhombic, and has the same crystal form as cpsom salt, with which it forms a 
complete range of mixed cry stals. Iron can replace nickel in rhombic nickel vitriol only to 
the extent ofand nickel can replace iron in monoclinic iron vitriol up to about 50%. 

Double salts crystallize from solutions of nickel sulfate containing also the 
alkali sulfates or ammonium sulfates. The most important of these are the salts of 
the general composition M'aSO^ ■ NiSO^ ■ bHjO, which are isomorphous with the 
corresponding salts of iron, cobalt, magnesium, and other bivalent metals (‘Tut- 
ton’s double salts’). The blue green ammonium nickel sulfate, (NH4),S04 • NiSO,- 
6 HjO, is used in the preparation of electroplating baths. 

(vi) Nickel carbonate and Double Carbonates. Hydrated nickel carbonate, NiCOj • 
GHjO, is obtained as a pale green, finely crystalline precipitate on the addition of 
alkali hydrogen carbonates to nickel salt solutions. Precipitation with neutral 
alkali carbonates yields basic nickel carbonate. 

With ammonium hydrogen carbonate as precipitant, the double salt (NH4)HC03 
NiCOj • 4H,0 is obtained in apple green crystals, either admixed with NiCO, • 6 H ,0 or 
alone. It is possible to obtain anhydrous nickel carbonate also, by precipitation from hot 
solution under certain conditions—c.g., by heating a solution of nickel chloride with calcium 
carbonate in a sealed tube at 150®. In addition to the ammonium double salt mentioned, 
other double carbonates of nickel are known—e.g., K,COj • NiCOj * 4HsO, apple g^een 
needles, and NajCO, • NiCOj • ioH, 0 , grass green microscopic rhombohedra. 

Nickel carbonate is used in the preparation of ceramic pigments, and as the starting 
material for the preparation of other nickel salts. 

(m) Nickel oxalate may be obtained by dissolving nickel hydroxide or carbonate in 
aqueous oxalic acid solution (metallic nickel does not dissolve in oxalic acid). The com¬ 
pound is also formed as a flocculent green precipitate by adding oxalic acid to nickel salt 
solutions. It has the composition NiCj04 ■ 2HjO after drying at 100®. It is practically 
insoluble in water, but dissolves readily in strong acids and in ammonia solution (forming 
complex salts in the latter case). Nickel oxalate is also somewhat soluble in boiling potassium 
oxalate solution; the light green sparingly soluble double salt K)C204 • NiCj04 • 6H|0 
crystallizes from the solution on cooling. 

{viii) Nickel acetate, Ni(CH3 • CO,), • 4H,0, separates out in apple green crystals when a 
solution of nickel hydroxide in acetic acid is evaporated in the cold. It is readily soluble in 
water (i part in 6) but insoluble in alcohol. The aqueous solution has a sweet taste. Hydro¬ 
lysis, with deposition of nickelliydroxide, takes place rapidly in hot solutions. 

(«) Nickel may be taken as an example of the rather large 

number of compounds formed by nickel with the phosphoric acids. It is obtained as a pale 
apple green flocculent precipitate, insoluble in water but soluble in acids, when secondary 
s^ium phosphate (Na,HP04) is added to a nickel salt solution. The air dried precipitate 
corresponds roughly in composition to Ni,(P04), • 7H,0. If ammonium phosphate is used 
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■ * * ^ \ t f * A as a precipitate which is at first floccu- 

lent, but which turns crystalline on standing in contact with the mother liquor. 

(x) Nkkel silicate. Nickel orlhosilicale, NijfSiO,), isotypic with olivine (Vol. I, Fig. go 

p. 499), is obtained by heating NiO with SiO,. A hydrated nickel silicate (reputedly of the 
composition NijSiaO^ • 2H,0 but probably closely related in structure to meerschaum, 

q. v.) IS found in Nature, as konarite, in the form of small green crystal grains or leaflets \n 
earthy variety is called rdltisiU (after its occurrence at Rbttis in V'ogtland). More abundant 
than this pure silicate of nickel, which occurs only in small amounts, is garnieriu, an apple 
green to emerald green hydrated magnesium-nickel silicate, of very variable nickel content, 
formed by the weathering of nickcliferous olivine rocks. It is found in \’cry large quantities 
at Noumea, in New Caledonia, and is worked as a nickel ore both there and in Oregon. 

(g) Nickel Ammoniates 

Most nickel salts can combine with ammonia, either when the gas is passed over 
the anhydrous salt or when ammonia is added to their solutions. Thus hexammine- 
mckel(II) chloride, NiCI* ■ eNH,, is formed from nickel chloride and ammonia, as 
a faintly violet, almost white powder, which dissolves without decomposition in 
water containing ammonia. When ammonia is passed over anhydrous nickel 
sulfate, NiS04 • 6NH3 is formed as a pale violet powder, and a solution of nickel 
sulfate in concentrated aqueous ammonia yields NiSO, • 4NH3 ■ 2HsO in dark 
blue rectangular prisms. NiCNO,), • 4NH3 • 2H3O can be similarly obtained in 
large, sapphire blue octahedral crystals. 

It is to be assumed that ammonia is structurally combined in these compounds, in the 
same manner as with cobalt—i.c., the ammoniates cited contain the complex ions 
[Ni(NHj)e]*'*’ and [Ni(HjO),(NH3)4]*+. The compounds derived from these and from 
other nickel ammoniate ions are readily soluble in water, and formation of such ions 
accounts for the solubility in ammonia solution of many nickel compounds which are 
insoluble in water—e.g., the hydroxide and the phosphate. Ammoniacal solutions of nickel 
salts, like corresponding solutions of copper(II) are usually blue in color. This has at tim'« 
led not only miners but chemists to the mistaken view that certain nickel ores (such as nickel 
arsenide) contained copper. 

In addition to the ammoniates of the types mentioned above, in which nickel has the 
coordination number 6, there are also ammoniates in which this maximum coordination 
number is not attained. Numerous compounds of the same type as the ammoniates are also 
known, but containing other nitrogen bases aniline, pyridine, quinoline, ethyicnediamine, 
etc. 

As with cobalt(n) salts, many nickel salts can combine with up to 4 such neutral ligands 
(or with 2 ‘bidentate’ ligands) without displacement of the acid radi<^ from coordination 
with the central atom. Compounds of the type (NiXgAm^] are generally not very stable, 
and some show a tendency to undergo decomposition. Thus Hieber found that the com¬ 
pounds [NiBr* en,) and [Ni(SCN), enj react in aqueous solution according to 
3[NiX, cn,] -|- 6HjO = 2[Ni enjJX, -|- [Ni(H80)3]X,, However, there are, many com¬ 
pounds of the type NiX, • 4Am in which the nickel only exercises the coordination number 
4, so that the acid radicals are ionically bound—[Ni AmjJX*. This is true especially of 
those compounds in which the acid ions are only weakly polarizable. 

Nickel also has a strong tendency to form inner complex salts. These are salts in 
which the metal that replaces the hydrogen ion is, at the same time, coordinatively 
bound at some other point to the group which functions as the acidic radical. 
Inner coinplex salts are often characterized by extreme insolubility in water, 
although many of them are soluble in non-ionizing organic solvents. They have, 
accordingly, become very important in modern analytical chemistry. One of the 
best known compounds of this type is nickel dimethylglyoximey widely used in the 
determination of nickel. 
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The reaction of nickel with dimethylglyoximc (diacctyl dioxime) to form the scarlet inner 
complex salt follows the equation. 

CH,-C=NOH aH*. 

N/f \N==C—CH, 

I 

OH 


2 I + Ni*^ = 

CH,—C = NOH CH,—C 


HO 


Nickel has the coordination number four in the resultant inner complex salt The com¬ 
pound separates only from ammoniacal, neutral, or weakly acidic (acetic acid) solutions; 
It has the properties of an anhydrobasc and forms salts with strong or fair y 
I hus. representing nickel dimethylglyoximc schematically by the formula [DHNiDH], 

[DHNiDH] -t- 2HCI = [DH.NiDHJCl, (dark blue crystals). 

Nickel can also form other types ofdimcthylglyoxime compounds under other conditions— 
f B fDH.NiCl.) (yellow green), (DNi(NH,)J (carmine) and (DNi(H,0),) (wTOinc). 
Nickel has the coordination number 4 in all of these compounds, whereas cobalt has the 
coordination number 6 in all its stable compounds with dimethylglyoximc, even when it is 
dipositivc. This is why cobalt forms no compound corresponding to [DH Ni UHJ, and 
therefore why cobalt is not prccipitat^ by the reagent. 

It is likely that the yellow, insoluble, amorphous compound INi(o L(rl4 iNrtjjj, 
prepared by Hieber (1952) by reacUon of o-aminothiophenol with nickel salts in am- 
moniacal solution, is an inner compUx sail. This compound is probably bmlt up of a large 
number of Ni(S • CeH, • NH,), groups which arc joined to each other in the manner sho^ 
in constitutional formula I. This material is readily oxidized to a deep-blue, co^tallme 
compound containing trtmpositive nickel, which on the basis of composition and behavior 
probably has the constitution given in form^a II.By reaction 

nickel chloride with an ethereal solution of dithiobcnzoic acid, C,H4CS(SH), Hieber ob¬ 
tained the blue nickel(II) dithiobenzoate, Ni(C,H4CS,),. which also is cMily oxidized to a 
nickeUIV) complex compound. The latter possesses a dccp-violct color and has the 
constitution shown in formula III. The dimeric nature of the compound was demonstrated 
by Hieber by means of the freezing point lowering of its benzene solution. 
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II. Analytical (Nickel) 

Nickel accompanies cobalt in the systematic analysis of cations. It is precipitated 
by ammonium sulfide as a black sulfide, which is no longer soluble in dilute 
hydrochloric acid after it has been filtered and exposed to air. Nickel can be 
separated from cobalt by precipitating it from the solution of the complex cyanides, 
by means of alkali hydroxide and bromine or chlorine. It is also quantitatively 
separated from cobalt by precipitation with dimethylglyoxime, which was intro¬ 
duced as a reagent for nickel by Tschugaeff, and which is particularly suitable for 
the microartalytical detection and the gravimetric determination of nickel. 

Although cobalt forms no precipitate with dimethylglyoxime, it reduces the sensitivity of 
the reaction if it is present in great excess, since the reagent is consumed in the formation 
of soluble complex compounds of cobalt. The solubility of the nickel dimethylglyoxime is 
also enhanced in the presence of these complexes. The interfering efTcct of 4 3 cobalt is 
appreciably less than that of the -f 2 state, and it is therefore advisable to oxidize the cobalt 
in ammoniacal solution by means of hydrogen peroxide before adding dimethylglyoxime. 
The reagent permits the detection of nickel in the presence of a 200 fold excess of cobalt. 
Dipositive iron also forms a red, but soluble, complex with dimethylglyoxime. Palladium 
and platinum form insoluble yellow complexes, corresponding exactly to the nickel salt in 
constitution. 

Nickel may be determined quantitatively by means of dimethylglyoxime. and also by 
means of Grossmann’s reagent (dicyandiamide sulfate) (C-^HeNjO). • Hj.SO,. This also 
involves the formation of an inner complex salt. A yellow precipitate is formed in ammoni¬ 
acal solution on the addition of potassium hydroxide; this has the constitution 

HjN—C—O o—C—NH2 

•I ' ^ 

N Ni 

I ^ \ 

HjN—C=NH HN = C—NHj . 

Nickel can also be very conveniently and quantitatively deposited electrolvtical- 
ly from ammoniacal solution. 

It may also be precipitated as ‘nickel(III) oxide hydrate’ by means of pot¬ 
assium hydroxide and bromine water, and weighed as the monoxide after ignition. 


B. THE PLATINUM METALS 

12. General 

The platinum metals are characterized by their inertness towards acids, their 
relative infusibility, and in some cases by their great hardness. They also displa\ 
excellent catalytic properties. 

In their compounds^ ruthenium and osmium show a number of resemblances to iron, 
which stands vertically above them in the Periodic Table, and also to iron’s 
neighbour manganese. Rhodium and iridium have a clear relationship to cobalt, 
and in particular they very readily form complex compounds of the type 
[M“*Ame]X,. Palladium forms a transition to silver in its properties as does 
platinum to gold, in the same way as nickel links iron and cobalt with copper. 
The tendency to exercise the higher valence states decreases from left to right 
among both the light and the heavy platinum metals, as it does in the iron group. 



SUB-GROUP 8; PLATINUM METALS 


7 


[\20 


Preferred valence states are four for ruthenium, three with rhodium, and two for 
palladium. Osmium has a strong tendency to form the tetroxide, in which it is 
octapositivc, and is also much more stable in the -f6 state than is ruthenium. 
Iridium is chiefly tri- and tetrapositive, and platinum exhibits valence states of +2 

and +4. 


(a) Occurrence 

In Nature, the platinum metals almost invariably occur in association with one 
another. They are usually found as the native metals, often in the form of alloys 
with one another (c.g., wmtrirfium), in sands and gravels (‘placer* deposits), associated 
with the heavier minerals, such as magnetite, ilmenite, and chromite, and with 
gold. A few compounds also occur as minerals—e.g., spmyliU, PtAsj, in the nickel- 
iferous pyrrhotitc of Ontario, and braggile, PdS. Platinum is usually the principal 
constituent of those platinum metal ores which consist of the native metals, 
but the Sudbury nickel ores, and some related platinum ores of South Africa, 
arc notable in that platinum and palladium are present in approximately equal 
amounts. The platinum usually contains copper and gold, as well as considerable 
amounts of iron, in addition to the minor platinum metals. 


I ho following ar<- typical compositions of platinum ores (after Pochard): 


Pt 

Ir 

Rh 

Pd 

Osmiridium 

Cu Au 

Fc 

Sand 

Russian platinum ore 77.5 

>■45 

2.8 

0.85 

2-35 

2.15 — 

9.6 

J.O 

C:olombian platinum ore 80.0 

'•55 

2.50 

1.0 

1.40 

0.65 1.5 

7.2 

4 - 35 % 


(b) History 

The first reliable account of platinum is due to Antonio de Ulloa (1748), in the 
course of a report on the French expedition to the west coast of South America in 
1735. He mentioned that in Colombia gold occurs mixed with other metals, in 
rocks which were not exploited because they were difficult to work; these rocks 
arc platinum-bearing, and Colombia is still one of the principal producers of 
platinum. At the time of UUoa’s visit the name ‘platina del Pinto’ was already 
applied to a while metal, resembling silver, discovered in Colombia. It was brought 
to Europe, and its properties were described as those of a peculiar metal by 
Watson in 1750, shortly after the publication of UUoa’s report. Doubt was 
subsequently cast upon the elementary nature of platinum until this was cstabUshed 
by Blondeau in 1774. Extensive deposits of the platinum metab were found in the 
Urals in the opening years of the 19th century, and the finding soon led to the 
discovery of the minor platinum metals; palladium, rhodium, iridium, and osmium 
were all discovered in 1803-1804, leaving only ruthenium to be discovered in 1845. 

(c) Preparation 

V’arious methods are in use for the extraction of platinum and the allied ele¬ 
ments from their ores, and some of the processes are kept secret. The essential 
steps involve first a separation by gravity concentration and elutriation of the 
platinum ore from the sand in which it is contained. After grinding as finely as 
possible, the ore is boiled with aqua regia, whereby omiridium^ which is essentially 
an alloy of osmium and iridium, remains as an insoluble residue. Iron, copper, 



iridium, rhodium, and a part of the palladium are precipitated from the solution 
by the addition of milk of lime, and the solution, which now contains principall)' 
platinum with some palladium, is evaporated to dryness and ignited. The platinum 
is thereby converted to the spongy' metal, which is washed first with water, and 
then with hydrochloric acid, and is finally hot-pressed. It is not yet pure, and must 
be refined by a further series of operations. There are also smaU amounts of 
platinum in the precipitate thrown down by' the milk of lime. These are recovered 
by treating the precipitate with dilute sulfuric acid, and ultimately precipitating 
the platinum as ammonium chloroplatinate, (NH4)2[PtCl8]. 

•A considerable proportion of the world’s output of platinum metals is now derived from 
the Sudbury nickel oreT in the form of residues either from the nickel carbonyl refining of 
nickel, or from the anode slimes of the electrolytic refining process. A measure of separation 
from baser metals can be effected by smelting with litharge and charcoal. The resulting 
lead alloy is cupelled, and treated with aqua regia, after ‘parting’ with sulfuric acid to 
remove the greater part of the silver. Platinum metals from the Sudbury ore contain about 
equal proportions of platinum and palladium as the predominant constituents. These go 
into solution in aqua regia, and they are separated and purified by taking advantage of the 
difference in stability of the [M'''Cl4]- complexes: platinum is precipitated as 
(NH4pj[PtCl4), and palladium is recovered as the insoluble diamminepalladium(II) 
chloride. [Sec * Platinum and Allied Metals'. Imperial Institute, London, 1936; also Atkinson 
and Raper, J. Inst. Metals., 3 (1936) 207]. 

(d) Uses 

Platinum [24] finds widespread technical applications, because of its excellent 
properties—its extreme resistance to chemical attack, durability, infusibility, and 
excellent working properties, as well as its outstanding properties as catalyst for a 
wide range of reactions. It is used for the manufacture of crucibles, dishes, boats, 
spatulas, etc., for chemical work, on both the laboratory and the technical scale, 
and in making electrodes and resistance wires for electric furnaces. It is also suitable 
for surgical instruments. Metals are often plated with platinum to protect them 
from corrosion. It is also favored for jewellery, especially for the mounting ol 
precious stones. Large quantities of platinum were formerly used (often as plati¬ 
nized asbestos) as a contact catalyst in the sulfuric acid industry. The use of 
platinum as catalyst, in the manufacture of sulfuric acid a't least, has been largely 
replaced by the use of promoted catalysts (cf. p. 715 et seq.)^ which are equally 
efficient and far less sensitive to catalytic poisons. Considerable quantities are still 
used in other branches of chemical industry, however, and it is widely employed 
as a laboratory catalyst. Platinum compounds are used in photography, in radio- 
logy (for barium cyanoplatinate screens), and in glass and porcelain painting. 

Iridium is often alloyed with platinum to increase its hardness, especially for 
physical and surgical instruments. Platinum-iridium alloys find a particularly 
wide use for electrical contacts. The standard meter bar is made from 90% 
platinum-10% iridium alloy. Iridium is also used to give a black color to porcelain. 

Palladium is used for jewellery, since its white luster resembles that of silver*. It 
has the advantage over silver that it is not blackened by hydrogen sulfide. Palladi- 

* Silver-palladium alloys are more commonly used than pure palladium. Quite small 
additions of palladium to silver (17%) suffice to give protection against the black dis¬ 
coloration produced by H,S, and the protective action is complete if the palladium content 

« 30%. 
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uni is also used in place of gold for dental fillings. It is employed in the chemical 
laboratory in the form of palladium black—i.e., very finely divided palladium— 
or, still more efficiently, in the form of colloidal palladium as a catalyst for organic 
hydrogenations (cf. p. 339). 


Rhodium is used chiefly in the form of a 90%Pt-io%Rh alloy for thermocouples [25]. The 
platinum-platinum rhodium thermoelement has the advantage over the platinum-platinum 
iridium couple formerly used of being more permanent, since rhodium is less volatile than 
irklium*. For extremely high temperatures (1600-2000’), thermoelements arc used having 
OIK- limb of iridium and the other of an alloy of4o""o iridium with 60% rhodium. Platinum- 
rhodium alloys are also employed on a fairly large scale as catalysts for the oxidation of 
ammonia. Rhoflium alloys are also used for the divided circles of astronomical instruments. 
Rhodium crucibles are suitable for use at very high temperatures (above 1500°), at which 
platinum becomes quite soft and commences to volatilize too rapidly. However, rhodium 
crucibles cannot be used for analytical work, since they do not remain constant in weight, 
owing to superficial oxidation of the metal. Elcctrolytically deposited rhodium platings 
have been increasingly used in the jewellery industry, in place of silver plating, since they 
have excellent protective properties, differ very little from silver in their color, and do not 
tarnish in air containing hydrogen sulfide. Rhodium is especially suitable for surface-coated 
mirrors. For the use of colloidal rhodium as a hydrogenation catalyst sec p. 331. 

Ounitm was for some time of importance in the incandescent lamp industry (‘Osram’ 
lamps). One of its most important fields of application was for a Jong time for the tips of 
fountaki pen nibs, but rhenium is now frequently used in its place (cf. p. 235). Osmium is 
occasionally used as a catalyst—c.g., in Hofmann’s chlorate pipette (cf. p. 328). For the use 
of osmium tetroxidc as a microscopic stain see p. 328. 

Ruthenium is used to some extent as an alloy constituent for jewellery and is also suitable as 
a catalyst for many purposes. 'Ruthenium red' obtained by treating ruthenium trichloride 
with aqueous ammonia, can be used in histology as a stain for tendons, and may also be 
employed to distinguish between natural and artificial fibers. 


13-16. Dyad I: Ruthenium and Osmium 


General 

Ruthenium' and osmium are hard, brittle, extremely infusible metals. They are 
very resistant towards acids, but combine rather easily with oxygen. A charac¬ 
teristic property of ruthenium and osmium is their ability to function as octa- 
positive, forming the volatile Utroxides, RuO* and OsO*. They are also note¬ 
worthy for the large number of valence states from which they form compounds 
(cf. the summary table at the beginning of the chapter), and in many of their 
compounds they readily undergo changes of valence. This may be associated with 
their exceptional catalytic properties for a variety of reactions. 

The oxides derived from the lowest valence states of ruthenium and osmium are basic in 
nature. With increase in the charge borne by the metal, there is an increase in the ability 
of the oxides to form acids, and the tendency for acid formation is completely lacking only 
in the highest oxides, the tetroxides, MO,. The ability of many of the oxides to combine with 
water, to form oxyacids (and, correspondingly, with basic oxides to form oxyacid salts), can 
be explained in terms of the coordination theory, on the assumption that in these oxides the 
atoms arc not exerting their maximum covalence towards oxygen. For most elements, the 
maximum coordination number towards oxygen, in radicals which exist as free ions or self- 
contained structural groups in crystals, is 4. For a few elements of the later series of the 
Periodic Table in their highest oxidation states—in particular for antimony, tellurium, and 
iodine—, the maximum coordination number towards oxygen is such radicab b 6. It may 

* See p. 334 regarding the volatility of iridium. 



ruthenium 


*3 ruthenium 

be concluded that osmium, in the tetroxidc. is not coordinativclv saturated, from the fact 
hat the compound can form addition compounds with basic hydroxides (p. 329) However 
the capacity to form coordination compounds is only feebly developed in Lmium te^rox dc 
and the compounds concerned, such as K,(OsO,(OH),]. have the properties of loose’ 
addition compounds It IS still uncertain whether the coordination number of ruthenium 
towards oxygen can be higher than 4. However, both ruthenium and osmium disp a a 
very strong tendency to form coordination compounds-s.ronger than that of iron 


13. Ruthenium (Ru) 

As a constituent of platinum ores, ruthenium is the rarest of the platinum 

metals. For this reason, it was discovered considerably later than the others by 

the Russian chemist Claus in 1845. It was named in honor of Russia (Ruthenia is 
the old name for Little Russia) 

In native platinum, ruthenium is contained chiefly in the osmiridium which 
remains as a residue when the platinum ore is dissolved in aqua regia. It is found 
very rarely indeed as a mineral of its own, e.g., laurite, a ruthenium disulfide RuS, 
(isotypic with pyrite), containing osmium. 


(a) Physical Properties 

Depending on of preparation, ruthenium is a dull grey or silver white lustrous 

met^, of very great hardness, but so brittle that it can easily be pulverized. It is much less 
fusible than platinum It can be melted in the electric arc. and vaporizes simultaneously. 
It also volatihzc-s slowly when it is strongly heated in air, but in this case it does not vaporize 
as^e me^, but as the letroxide, which is stable at high temperatures. ^ 

Ruthenium solidified from the melt has a density of 12.30. The density of metal obtained 
by reducing the oxide or chloride in hydrogen may be considerably lower. Its specific heat 
•s 0.0553. Molten nithen|^ dissolves 4-504 of carbon, according to Moissan. The metal 
also absorb considerable amounts of hydrogen or oxygen, especially when charged with 
these gases electrolytically. In the finely divided state it has very highly developed ability to 
act as a earner of oxygen or hydrogen to other substances—e.g., to catalyze the union of 

hydrogen and nitrogen to form ammonia, or the oxidation of alcohol to aldehyde and 
acetic acid by atmospheric oxygen. 

Colloidal ruthenium can be prepared by reducing it from its salts by means of hydrazine 
m the presence of gum arabic (Gutbier), or by means of acrolein (Castoro). 


(b) Chc mi caU Behavior 

In the absence of oxygen, ruthenium is not attacked by any acids—even by 
aqua regia. Hydrochloric acid containing dissolved air or oxygen, however, 
slowly attacks ruthenium, and does so rapidly at 125® (in a sealed tube). Ruthe¬ 
nium turns black when it is heated in air, as a result of surface oxidation. 

Ruthenium bums in the oxidizing blowpipe flame, forming a black smoke of ruthenium 
dioxide. The characteristic smell of ruthenium tetroxide is evident at the same time 
Powdered ruthenium is completely converted to the blue black dioxide, RuO„ when it is 
igmi^ in oxygen. Powdered ruthenium is attacked by fluorine below a red heat, and by 
chJorine at a red heal or above. It combines with sulfur directly only under suitable 
conditions (sec below). The compounds RuP„ RuP and RujP are formed with phosphorus 

(Blitz, 1939), and with arsenic a diarsenide, RuAs^, corresponding to that of platinum 
(Wohler, 1931). 

• As a minor element in sulfide and oxidic ores, in very minute traces, ruthenium is 
about as abundant as platinum. 
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Ruthenium is vigorously attacked when it is heated with alkalis in the presence of oxygen 
or of oxidizing agents,—c.g., with a mixture of KOH and KNO,, or of K,COj and KCIO,— 
or with peroxides such 3is Na^Oj and BaO^ RuthenaUSy M'jRuO*, are thereby formed. 
Powdered ruthenium is dissolved by alkali hypochlorite solutions, forming the tetroxide, 
the reaction proceeding slowly even at ordinary temperature. 


14. Ruthenium Compounds 

(a) Oxides 

The usual product of the direct union of oxygen and ruthenium is the blue 
black dioxide, RuO,. At high temperatures (above 600®) ruthenium Utroxide is formed 
in traces, but decomposes in course of cooling. The tetroxide is metasublc at ordi¬ 
nary temperature. 

Lower oxides of ruthenium are known only in the form of oxide hydrates or hydroxides. 
Ruthenium{III) hydroxide is obuined as a black precipitate by the addition of alkali hydroxide 
to ruthenium(ni) salt solutions, but b difficult to prepare in the pure state. A brown 
precipitate of ruihenium{II) hydroxide b formed on the addition of alkali hydroxide to ru- 
thenium(II) salt solutions, but cannot be belated, since it b oxidized with excessive case. 
It gradually undergoes oxidation even under air-free water, from which it liberates hydrogen. 

(i) Ruthenium dioxide, RuO,, b obtained as a blue black powder by heating the powdered 
metal, or its chloride or sulfide, in o.xygen. It has the rutile structure (a = 4.51 A,r = 3.11 A). 
It b not atucked by acids. It b readily reduced by hydrogen at slighdy elevated temper¬ 
atures. In general, it b unchanged when heated in air, but begins to decompose into 
ruthenium and oxygen when it b very strongly heated. The oxygen pressure b about 36 mm 
at 930*. No lower oxides are formed in the course of the thermal decomposition. 

(tt) Ruthenium tetroxide, RuO,, b most readily obtained by oxidizing an alkali ruthenate 
solution with warm periodic acid, or by passing chlorine through a ruthenate solution or a 
solution of a ruthenium salt in excess alkali hydroxide. It crystallizes in yellow needles, 
which melt at 25® to an orange liquid, and b fairly soluble in water (20.3 g in i liter at 0®). 
It b much more soluble in inert organic solvents such as carbon tetrachloride. Ruthenium 
tetroxide is quite volatile even at room tcmpcrattirc. Its boiling point cannot be measured 
at atmospheric pressure, since it decomposes explosively at about J08® into RuO, and O,. 
Dcbray and Joly found that at Joo®and 106 mm pressure the vapor density corresponded to 
that calculated from the molecular weight (RuO, = 165.1). Ruthenium tetroxide b stable 
at very high temperatures, and metasuble at room temperature, although it undergoes no 
change if it b kept in the dark and complete absence of mobture. 

Ruthenium tetroxide reacts very vigorously with organic substances, giving a black 
coloration as a result of the formation of RuO,. It attacks rubber vigorously, and reacts 
explosively with alcohol. It has a characteristic smell, irritates the mucous membranes, and 
blackens the skin. Ruthenium tetroxide reacts with concentrated hydrochloric acid, evolving 
chlorine and yielding an oxychloride of hexapositive ruthenium, RuO,Cl„ as the initial 
product. Thb b rapidly reduced further, to RuCl„ by excess of hydrochloric acid. The 
tetrachloride b gradually hydrolyzed to Ru(OH)Cl3, even in concentrated hydrochloric 
acid, but under certain conditions may alternatively break up into RuCl, and chlorine, if 
hydrolysb has not occurred. 

(b) Sulfides 

Ruthenium disulfide, RuS„ b obtain^ as a black precipitate (density 6.14) by the action 
of H,S on aqueous solutions, or as a light grey crystalline ma«s by heating RuGl, in a 
current of H,S. It b possible to bring the elements into direct combination with one an¬ 
other by means of a device dating back to Faraday’s researches: powdered ruthenium and 
sulfur are heated in an evacuated quartz tube, in such a manner that one part of the tube, 
containing the rutkenium, b heated to 1200®, while the end of the tube projecting out of 
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the furnace 15 maintained at 450^ Ruthenium dUulfide prepared by dry methods is not 
attacked by acids even by aqua regia. Thermal decomposition sets in above luoo'^ 
yielding metal and sulfur. The heat of formation of the compound is 77 kcal per mol! 
(Juza 1933. Wohler, 1933). Other sulfides of ruthenium are said to be formed by precipi¬ 
tation from solution, but these arc unstable if. indeed, well defined compounds arc formed 
at all. 

The compounds RuScg and RuTcj are very similar to ruthenium disulfide, but arc less 
stable (Wohler, 1933). 

The sulfides, selenides, and tellurides of ruthenium and osmium crystallize with the 
pyrite structure. Cell dimensions are: 

RuS, RuScj RuTcj OsSj OsSe^ OsTcj 

a = 5-57 5-92 6.36 5.61 5.93 6.37 A. 

(c) HaUdes 

(j) Fluorides. Ruff (1924) obtained rutheniumpentafiuoride,KuF^, by heating finely powdered 
ruthenium to about 300° m fluorine, in a platinum tube; small amounts of lower ruthenium 
fluoride (and considerable founts of platinum fluoride) were formed at the same time. 
The triftuoride, RuF,, also exists (Robinson, 1952). The pentafluoride forms a dark green 
transparent mass, which melts at 101° and boils above 250^ The fluoro saltK^RuFJ, 
derived from RuFj, has also been prepared. The existence of ruthenium pentafluoride is ot 
some interest, as being the only compound known with certainty in which ruthenium is 
present in the pentapositive state. 

(«) Chlorides. Ruthenium trichloride (brown-black crysul leaflets, insoluble in water and 
acids) is formed by direct combination of ruthenium and chlorine at a red heat: reaction is 
facilitated by the presence of carbon monoxide. The compound can be prepared in a 
water-soluble state by treating ruthenium tetroxide with hydrochloric acid and evaporating 
the resulting solution to dryness in a current of hydrogen chloride gas (Remy); it is thereby 
obtained as the monohydrate, RuCl^ • H,0 (Grube and Fromm, 1939). Products obtained 
from solution which, in the older literature, were considered to be ruthenium(III) chloride, 
were however for the most part more or less pure preparations oi ruthenium hydroxy trichloride, 
Ru(OH)Cl3.i?K/Aerjit/ffi Utrachloride, RUCI4, is formed as an intermediate product of low 
stability in the reduction of RUO4 with HCl. It decomposes readily, with loss of chlorine. 
Ruthenium trichloride also decomposes into ruthenium and chlorine when it is heated, the 
decomposition pressure attaining i atm. at Sso** (Remy). Lower chlorides do not appear as 
stages in the thermal decomposition. On the other hand, aqueous solutions of ruthenium 
chlorides turn deep blue when they are treated with strong reducing agents (sodium amal¬ 
gam, titanium(III) chloride, cathodic reduction), and the ruthenium is reduced to the 
4-a state. Ruthenium tetrachloride readily undergoes reduction to the metal when it is 
heated in hydrogen, and is converted to the dioxide when it is ignited in oxygen. The chlorides 
of ruthenium have a strong tendency to form acido-compounds. The most important types 
of these are [Ruin'd*] (hexachlororuthenate(IV) salts), M>4[Ru‘''jCl,oO] (decachloro- 
oxodiruthenate(IV) salts) and M**[Ru"*Cl6(H*0)] pentachloroaquoruthenate(III) salts). 

(d) Coordination Compounds of Ruthenium 

Ruthenium forms a wide variety of coordination compounds. Among derivatives of 
dipositive ruthenium, the hex<uyanorutkeruite(II) salts, M*4[Ru(CN)a], are noteworthy for 
their stability. The colorless potassium salt K4[Ru(CN)4] • sHjO, which is not very soluble 
in cold water, is isomorphous with the analogous compound of iron, potassium ferro- 
cyanide. Compounds of tripositive ruthenium include not only the pure acido-compounds 
of the types M'2[RuX5] and M‘s[RuX4], but also compounds containing neutral ligands 
bound to the central atom. The pentaehloroaquoruthenate{IU) salts, M>8[RuCl5(H,0)] and 
the penUuhloronilrosoruthenateilll) salts, M‘8[RuCl6(NO)], are of this type, as are the ammines 
such as [Ru(OH)(NO)(NH8)4]Cl8 (hydroxonitrosotctrammineruthenium(III) chloride), 
etc. Examples have already been given of coordination compounds of +4 ruthenium. 
Coordination compounds of +6 ruthenium are represented by the dioxotetrachloro- 
ruthenate(VI) salts, M'2[Ru08Cl4]> prepared by Howe, and especially by the ruthenates. 
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M'glRuO,], discussed below; the pgrrutheruiUs, M'(RuOJ, are derivatives of hepUpositive 
ruthenium. It is not finally established whether -f 8 ruthenium forms coordination com¬ 
pounds—i.e.. whether ruthenium tetroxide forms addition compounds with other 

substances. 


(e) Ruthenium Ammines 

As was shown by Gleu, ruthenium is capable of forming strongly complexed ammoniates, 
in the same way as cobalt and chromium. Whereas the latter elements form their strongly 
cornpl-xed ammines exclusively from the +3 state, ruthenium ammines are derived both 
from the * 2 and the +3 state. 

( ileu has prepared ammines of the following series (where R stands for a complex-bound 
.Kid group, and X for an ionized acid radical). 


Ruthenium{III) ammines 


[Ru(NH,),]X3 

jRu(OH)(NH3)j]X, 

[RuR(NHj)j]X, 

lRuR,(NH,),]X 

|RuC1,(NH3),] 


hexammlncruthcnium(III) salts (‘luteo salts’) 
hydroxopcntammineruthcnium(III) salts {‘rosco’) 
acidopeniammineruthenium{III) salts (‘purpureo’) 
diacidotctrammineruthenium(III) salts, of rir and trans con¬ 
figurations 

trichlorotriammincruthenium. 


Ihe hydroxonitrosotetrammineruthcnium(III) chloride, which has long been known 
(see above) belongs to this class. 


Ruthen'ium{II) ammines 

lRu(SO,)(NH,},]X, 

(Ru(S 0 ,)(H, 0 )(NH,),]X, 

[RuR(SO,)(NH,),lX 

(Ru{S 0 ,)(NH,)J- 2 H ,0 

(Ru(SO,H),(NH3)«] 

(NH,),(Ru(S 03 ).(NH,),] 

Na,lRu(S 0 a),(S 03 H),(NH 3 ),] • 6 H ,0 


thioxopentammineruthenium(ll) salts 
thioxoaquotetramminerutheniumfll) salts 
acidothioxotetramminenjthenium(I I) salts 
sulfitopcntammineruthenium(II) (dihydrate) 
di(hydrogensulfito)-tetrammine ruthenium 
ammonium disulfitotetrammineruthenate(II) 
(tetrahydrate) 

sodium disulfito-di(hydrogen $ulfito)-diam- 
mine ruthenate(II). 


Most of the ruthenium(III) ammines are but weakly colored, those of the so-called 
‘lutco’, ‘rosco’, and ‘purpureo’ scries being usually colorless or light yellow. TTie intensity of 
color deepens as the number of acido groups is increased: dichlorosalts are orange and tri- 
chlorotriamminc ruthenium red. 

The ruthenium(II) ammines listed arc all colorless, except for the thioxo compounds, 
containing the neutral SO> group within the complex*. These arc mostly yellow, brown, or 
red. These ruthenium complexes containing sulfur dioxide arc noteworthy compounds, 
since although many complex compounds are known in which the ions of sulfurous acid, 
SO,*" and HSO,", are present, (sulfito- and hydrogen sulfito-complcxes), there arc no 
other known compounds in which the neutral SO, molecule is present within a coordination 
complex. 

The 'rulhenium red' discovered by Joly in 1892 seems to be related to the ammines of tri¬ 
positive ruthenium. It has the composition 2RuCl,(OH) • 7NH, • 3H,0. Its constitution is 
still unexplained, but Gleu found that the red coloration characteristic of -I-3 ruthenium 
was obtained when hexammine- or pentammineruthenium(III) salts were warmed in 
weakly alkaline solution. 

• The suggested designation ‘thioxo’ group, for the complex-bound SO, molecule (as 
abbreviation for ‘thiodioxo* group) is based on the use of ‘thionyl’ for the radical SO, 
derived from SO,. 
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(f) Ruthenates and Perruthenates 

When powdered ruthenium, or ruthenium dioxide, is heated with potassium hydroxide 
and pota^mm chlorate (or n.trate), a deep green melt is obtained, which is eery Itygroscopic 
and d.^olv« m wamr with a deep orange red color. On evaporation of the solution, which 

K^r"o otgan.c matter, RuO, being deposited, polnsnum 

Tuthinat^Vl), K,RuO. • H ,0 isobtaincd in lustrous green prisms, which appear red in thin 
layers by transmitmd light. If chlorine is passed into the red solution it initially turns green 
due to formation of perruthenate and on continued passage of chlorine, ruthenium tetroxidi- 
IS evolved. If the parage of chlorine is stopped before this stage, potas.mm perrulhenait 
(pot^ium ruthenate(Vir)) KRuO„ crystallizes in black tetragonal crystals^when the 
solution cools doi^ again. Unlike the ruthenates, the perruthenates are not stable abote 
goo.. They are also decomposed by alkalis with the formation of ruthenates. Conversely 
the ruthenates are contorted to perruthenates on treatment with dilute acids (ruthenium 
dioxide hydra e being deposited simultaneously). The ruthenates and perruthenates are 
thus very similar in behavior to the manganates and permanganates 


(g) Carbonyls and Nitrosyls 

Like iron and nickel, ruthenium can combine directly with carbon monoxide, but does so 
only under high pressures. Ruthenium pentacarbonyi can be obtained by heating ruthenium 
powder with carbon monoxide at 180° under 200 atm. pressure. It is more readily prepared 
by heating ruthenium tri.odide, Rul„ mixed with silver powder, in carbon monoxide, or 
by the action of carbon monoxide under high pressure upon ruthenium disulfide (Hieber) 
It is a water-clcar, volatile liquid, which solidifies at -22° to give colorless crystals. It L 
soluble in tenzene, alcohol, and similar solvents, but gradually decomposes in solution, or 

‘he orange enneacarbonyl Ru,(CO), (hexagonal 
leaflets). A third solid green ruthenium carbonyl is thereby formed as a decomposition 
product—probably with the composition Ru(CO)4 (or Ru3{CO)jj). 

In the reaction of CO on Rul„ the compound RuI,(CO) is formed as the initial product 
ol reaction, i he analogous bromine and chlorine compounds, and the compound RuBr(CO) 
arc also known (Manchot *924-1930). ' 

According to Manchot, the action of NO on Ru,(CO), at moderately elevated temper- 
amr« (b«t under pressure) yields a red, well crystallized ruthenium rdtrosyU the composition 
of which has not been finally established. It may be Ru(NO), or Ru(NO)5 (but sec p. 358 
for comparison with the corresponding reaction of iron carbonyl). 


15. Osmium (Os) 

Osmium is present in platinum ores in the form of an alloy with iridium, known 
as osmridiumy which is insoluble in aqua regia. Its osmium content varies from 
17-80%. Russian platinum ore usually contains between 0.5 and 2.5% of osmiri- 
dium, which is usually present to the extent of a few per cent in Colombian ore 
also. Platinum ores have been found in Oregon and Australia (Tasmania), how¬ 
ever, containing up to 37% osmiridium, and almost pure osmiridium has been 
found in California. 

Osmium was discovered in 1804 by Tennant, whose work followed the earlier 
observations of two French scientists, Fourcroy and Vauquelin. In the course of 
the analysis of platinum minerals, they had discovered a residue insoluble in aqua 
regia, and this, when attacked by fusion with potash and treatment with nitric 
acid, evolved vapors which attacked the eyes and mucous membranes, and black¬ 
ened organic matter. These were obviously osmium tetroxide. Tennant isolated 
the metal from the volatile tetroxide, and gave it the name of osmium from its 
characteristic smell (Greek o<jy.ri = smell). 
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(a) Physical Properties 

Osmium is a blue grey metal, or blue-black in the powdered slate. It is very hard (7.5 on 
Mohs’ scale), brittle, and easily powdered. It has the highest melting point of all the plati- 
num metals (2700°). Metal solidified from the melt has the density 22.5, as compared, with 
the value 22.7 calculated from X-ray data. No other metal excels osmium in catalytic 
activity, but it is readily poisoned. Colloidal osmium can be prepared in the same way as 
colloidal ruthenium, although less readily because of the ease with which osmium is oxidized. 


(b) Chemical Behavior 

A characteristic property is the e«ise with which osmium forms the tetroxide, 
OsO,. The powdered metaJ always possesses the characteristic smell of the tetro- 
xidc, which is formed in traces even at ordinary temperature on exposure to air. 
Since the tetroxide is reduced by traces of grease, dust, etc., to the black, non¬ 
volatile dioxide, the walls, and especially the necks, of bottles in which osmium 
is stored are always blackened with this compound. 

Osmium is oxidized very vigorously when it is heated. The compact metal can be stored 
without change indefinitely, however, and there is no detectable oxidation. Because of its 
strong tendency to combine with oxygen, powdered osmium is also oxidized by nitric acid 
(especially the concentrated acid), by hot concentrated sulfuric acid, by molten alkali 
hydrogen sulfates, and by sodium hypochlorite solution. Osmium also combines vigorously 
with sulfur when it is heated. It is not attacked, however, by oxygen-free acids. It combines 
with fluorine above too®, and also with chlorine when heated, but not with bromine or 
iodine. It forms neither mixed crystals nor compounds with carbon, and combines much 
less readily with phosphorus than do ruthenium and iron. It forms only the one compound 
OsPg, which was obtained by Biltz, by heating powdered osmium with phosphorus in the 
‘Faraday tube’ arrangement. 

On fusion with potash under oxidizing conditions (access of air or addition of potassium 
chlorate or nitrate), osmium is converted to potassium osmate(VI), K,0s04. If the solution 
of this salt is acidified, disproportionation occurs, as with a manganate melt, in this case 
with the formation of OSO4 and OsO,. 

With carbon monoxide, osmium forms carbonyls which correspond closely in composition, 
properties and mode of formation to those of ruthenium. See Table 34, p. 352 for osmium 
carbonyl halides. 


16. Osmium Compounds 

(a) Oxides, Sulfides etc. 

Osmium forms the pale yellow volatile tetroxide OSO4 and a brown dioxide OsO| 
(black in powdered form). It is questionable whether any lower oxides exist. 

(t) Osmium Utroxidt^ OSO4, is always formed when osmium or one of its compounds is 
oxidized by air, or treated with strong oxidants. It is most simply prepared by heating finely 
divided osmium to redness in a current of oxygen. The tetroxide is thereby condensed in an 
ice-cooled trap in the form of transparent, almost colorless, lustrous monoclinic crystals. 
It melts at 40° to an oily liquid, and boils without decomposition at about 100°. The vapor 
density (8.88 at o® and 7fo mm) corresponds to the molecular weight required by the 
formula OSO4. The tetroxide is appreciably volatile at ordinary temperature, and has a 
penetrating, characteristic smell. The vapors attack the mucous membranes, especially of 
the eyes, and are very dangerous for the respiratory organs. Osmium tetroxide, although 
more stable than ruthenium tetroxide, is nevertheless a strong oxidant, since it is readily 
reduced to the dioxide, and also to the metal. It is used in microscopy as a stain, under the 
name of‘osmic acid’. Its aqueous solution is not acid in reaction towards litmus. However, as 
was shown by TschugaiefT (1918), osmium tetroxide can form loose addition compounds 
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with strong alk^U, e.g OsO, • 2KOH or K,[OsO,(OH),], potassium tetroxo-dihydroxo 
osmate(VIII). Kraus (1925) prepared the ammonium, cesium, and barium salts of the 
same senes, and also the rubidium and cesium salts of the type M'j(OsO,F.] (tetroxo- 
difluoro-osmate(VIII) salts), in which two F atoms replace the OH group's. Osmium 
tetroxide is soluble in alcohol and ether, as well as in water, but the solutions soon undergo 
decomposition. It is also decomposed by concentrated hydrochloric acid (</= 1.16). 
forming OSCI4, but (unlike ruthenium tetroxide) is not attacked by more dilute hydro¬ 
(li) Osmium dioxide, OsO,, is obtained by the reduction of osmium tetroxide under 
conditions where conversion to metal does not occur. It is a black powder, insoluble in 
water and acids. It can also be prepared by other methods—e.g., by fusing potassium hexa- 
chlorosmate, K2[OsCls], with soda. In the crystalline state, it is brown with a yellow luster. 
It has the ^mc structure as RuCj {a = 4.51 A, r ^ 3.19 A). Osmium dioxide is converted to 
the tetroxide when it is heated in air, and is also very readily reduced to the metal by means 
of hydrogen. Osmium dioxide is used in gas analysis, in Hofmann’s chlorate pipette, as a 
catalyst for the oxidation of elementary hydrogen. 

(m) Osmium disulfide, OsS, (heat of formation 62 kcal per mol) is obtained by methods 
similar to those for RuS, which it closely resembles. It is slowly attacked by aqua regia and 
fuming nitric acid. 

The stability of the compounds increases in the series OsS*. OsSe„ OsTe*. with increase 

in atomic number of the non-metal, as also with the ruthenium chalcogenides. (Structure_ 

see p. 325.) 

(b) Halides 

Our present knowledge of the osmium halides is largely due to Ruff. 

(i) Fluorides. Ruff prepared osmium ociajluoride, OsFj, by direct combination of the elements 
above 250®. The octafluoridc can be condensed, in a trap cooled with solid carbon dioxide, 
to a lemon-yellow sublimate, m.p. 34.4°. b.p. 47.5*. Osmium hexafluoride, OsF*, is formed at 
the same time, in bright green c^stals. Whereas the octafluoridc dissolves in water giving 
a clear solution, the hexafluoride is decomposed forming osmium tetroxide, osmium dioxide, 
and hydrofluoric acid. Incomplete fluorination yields the telrafluoride OSF4 also. 

(«) Chlorides. The treatment of osmium with chlorine at elevated temperatures usually 
gives a rnixturc of chlorides. Ruff obtained pure osmium Utrachloride, OSCI4, by heating 
osmium in chlorine at 650—700®, and slowly cooling the resulting yellow brown vapors. 
The tetrachloride forms black crusts, with a metallic luster, which evaporate without 
melting when heated in a vacuum or in chlorine. It is only slowly dissolved by water, forming 
a yellow solution which rapidly deposits osmium dioxide as a result of hydrolysis. By 
chlorination at higher temperatures, and rapid cooling of the products, Ruff obtained 
osmium trkhloride, OsCla, as a brown-black hygroscopic powder, soluble in water and alcohol. 
Its deep brown aqueous solution has a weakly acid reaction, and is stable both in the cold 
and on boiling; it is not attacked by mild reducing agents (e.g., FeS04, sulfurous acid, 
formaldehyde) but forms osmium tetroxide on prolonged heating with concentrated nitric 
acid. If the trichloride is heated in a vacuum to 500®, it is converted to the dark brown, 
insoluble, hydrophobic dichloride, OsC^. Osmium trichloride reacts with carbon monoxide 
above 220®, forming carbonyl chlorides such as OsCl,(CO)3 (colorless prisms) (Manchot, 

1925)- 

(c) Coordination Compounds of Osmium 

Like ruthenium, osmium forms a variety of coordination compounds. Hexacyanoosmium{Il) 
acid, H4[Os(CN)j], derived from dispositive osmium, was already known to Claus. Its 
potassium salt, K.4[Os(CN)4] ■ sHjO (light yellow, tabular monoclinic crystals) is obtained, 
for example, by adding potassium cyanide to a solution of osmium tetroxide. Its reactions 
with heavy metal salts resemble those of potassium ferrocyanidc, and it was shown by Dufet 
(*895) to be isomorphous with the latter and with the corresponding ruthenium compound. 
As examples of coordination compounds of tripositive osmium, mention may be made of 
potassium pentanitroosmate(III), K2[Os(NOj)5] (amber yellow triclinic crystals) and 
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f>ofassium hexachloroosrnaU{I/I). KjfOsCI,]. Osmium can probably also be regarded as tri- 
positive in the salts of the type M'j[OsXj(NO)). When osmium is heated to dull redness 
with potassium chloride in a current of chlorine, or when potassium chloride and alcohol 
are added to a solution of osmium tetroxide, potassium htxachloroosmaU{IV), K 2 [ 03 C 1 <], is 
obtained in dark red octahedra, isomorphous with the analogous platinum compound. A 
riuinbcr of sulfito compounds of +4 osmium arc also known, of the same type as the hexa- 
chloro-compound—e.g., .NajfOsfSOjNa)*], Na2[0s{S03Na)4(0H)j]. Derivatives of +6 
osmium include the ordinary osmales, M'jtOsO,} (tetroxoosmaU{VI) salts), and the so-called 
osm\l compounds: in Werner’s nomenclature the latter would be termed dioxoosmate{VI) 
corripounds. They have the general formula M‘j[0s02X4], and can be obtained by the 
Ibllowing reactions: 

OsO, + 4HCI + 2KC:I = KjfOsOjC!*] + Cl, + aHjO 
OsO. h 3H2C2O4 + 2KOH = K2(0 s 0,(C,04)2] + 2CO, + 4H,0 
OsO, + aNO + aKNO, = K2[0 s0,(N02)4] 

KjOsO, + 4HX ^ K2 [OsO,X 4] -f- 2H2O. 

I he last reaction is reversible, and the dioxoosmates are decomposed by pure water to give 
ordinary osmates. A cationic complex of +6 osmium is present in the dioxotetr^mmine- 
osmium(\ I) compounds [0s02(NH3)4)X2. The action of nitrites on OsO, at ordinary 
t«niperature yields lrioxoosmQte{VI) salts. M'2(0s03X2). formerly called ‘osmyl oxysalts’: 

OsO, + 3KNO, = K2[0 s 03(N02)2] -f- KNO,. 

I he coordination compounds of hexapositive osmium also include the peculiar salts of the 
type M'2 [OsNXj]. containing nitrogen. However, in osmiamU acid, OSO3NH, and its salts, 
osmium is in the +8 state. 


(d) Osmates 

The osmates, M'jfOsO,]. correspond in composition to the ruthenates, but are less 
stable. They readily pick up oxygen, and undergo conversion to the tetroxide, which is 
formed in perceptible amounts, for example, when they are exposed to moist air. Potassium 
osmaU, K2[OsO,] • 2H,0 may be obtained by reducing osmium tetroxide, dissolved in 
caustic potash, by means of alcohol or with potassium nitrite. It crystallizes in pale red- 
violct regular octahedra. It loses its crystal water when heated to 200® in an inert atmosphere, 
hut forms the tetroxide when it is heated in air. 


17-20. Dyad 11 : Rhodium and Iridium 

General 

Rhodium and iridium are hard metals, more infusible than platinum; they are 
remarkably resistant towards acids, but combine with oxygen when heated. 
U'hcreas rhodium has a very marked preference for a single valence state (the 
tripositive state), iridium, like ruthenium and osmium, readily changes its valence. 
Neither element, however, ever exhibits a higher valence state than six, and in 
general the -{-4 state is not exceeded. Rhodium and iridium are very active cata- 
lytically, especially when in the finely divided state. In addition to the simple 
compounds, a relatively large number of well defined coordination compounds is 
known. Many of these involve complex cations, such as are rarely encountered 
among the compounds of ruthenium and osmium. 
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Rhodium is found in platinum ores, and also in certain auriferous sands from 
South America. As much as 43 */'o rhodium has been found in Mexican gold. 
Apart from this, howev'er, the rhodium content of even relatively rich ores is gene¬ 
rally small—usually between 0.5 and 4.5^0- 

Rhodium was discovered by Wollaston in 1803, at the same time as palladium. 
It received its name from the rose pink color of many of its compounds (poSeo; - 
rose red). 


(a) Physical Properties 

Rhodium is a white ductile metal (density 12.42, m.p. 1966®). It is oxidized 
superficially when it is melted in air. It ran be distilled in the electric arc. 

Molten rhodium dissolves up to 7% of carbon, which separates out again as graphite on 
cooling. Carbon dioxide, nitrogen, and hydrogen are not absorbed to a perceptible extent 
by rhodium between 400 and 1000”. Rhodium can be obtained in colloidal dispersion by 
the reduction of rhodium trichloride with hydrazine, or by sputtering the metal. .According 
to Zenghelis (igS®)* colloidal rhodium is an extremely efficient catalyst for hydrogenations, 
making it possible to carry out at ordinary pressure and in neutral solution hydroge¬ 
nations which, with colloidal palladium, can be carried out only under high pressures and 
in acid solution. Colloidal rhodium also possesses bactericidal properties, while being 
relatively free from danger to the human organism, so that it may have some therapeutic 
value in certain circumstances. Rhodium can also be obtained in a very active form when 
it is reduced from solutions of its salts by means of ammonium formate in the presence of 
anunonium acetate and ammonia, or by alcohol or formaldehyde in the presence of potassi¬ 
um carbonate. The very finely divided metal obtained in this way (known as rhodium black) 
is able to decompose formic acid into carbon dioxide and hydrogen at ordinary temper¬ 
ature. It is remarkable that this activity is not at once destroyed by sulfur compounds (as is 
usually the case with other catalysts), but is conserved or even increased (Bredig). In 
alkaline solution, alcohol is converted to acetate by rhodium black, with the evolution of 
hydrogen; oxygen is evolved from chlorine water or hypochlorite solutions; and O, is 
converted to O*. 

(b) Ghemical Behavior 

At a bright red heat, rhodium is gradually oxidized in air to the sequioxide, 
RhaO}. This in turn undergoes decomposition at much higher temperatures. 
Rhodium can take up to 2.3 weight % (= 13 atom %) of oxygen in solid solution. 
The last traces of this are given up again only with great difficulty in the absence 
of reducing gases. Rhodium is converted to the trichloride RhCla by chlorine at a 
red heat, but is extraordinarily resistant towards fluorine, according to Ruflf. Pure, 
compact rhodium is completely insoluble in all acidsy including aqua regia. Rhodium 
black, however, is soluble in aqua regia and in hot concentrated sulfuric acid, 
and also in hydrochloric acid in the presence of air. Massive rhodium is attacked 
by a mixture of oxygen and hydrochloric acid at 150*, and it also dissolves to some 
extent in fused metaphosphoric acid. Rhodium is completely dissolved at a red 
heat by potassium pyrosulfate, and is thereby converted to the water-soluble 
rhodium sulfate, Rhj(S04),. If, however, it is fused with soda and potassium nitrate, 
or with barium peroxide, insoluble oxides are obtained. Rhodium is readily ob¬ 
tained in the metallic state by heating its compounds in hydrogen; it is necessary 
to cool the metal in an atmosphere of carbon dioxide, as the ‘activation* of the 
hydrogen by the rhodium may otherwise lead to inflammation and reoxidation. 
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Rho<Hum and arsenic unite dircctl>’ only with some difficulty. RhAs, was prepared by 
Wohler in the same way as IrAs, (cf. p. 335). With P, rhodium forms the compounds 
RhjP, Rh^P^, RhP,. and RhP,, which were obtained by Biltz (1940) by heating the com¬ 
ponents in sealed quartz tubes. Rh,P is anti-isotypic with fluorspar (a = 5.50 A) and 
isotypic with Ir,P (a = 5.53 A). 

Among the intermetallic compounds of rhodium (cf. p. 248), Bi4Rh has some technical 
importance, since the ready solubility of this compound in nitric acid enables rhodium to be 
separated simply from other platinum metals. 


18. Rhodium Compounds 


Most of the known compounds of rhodium are derived from the +3 oxidation 
stale, although the present knowledge of the chemistry of rhodium is rather in¬ 
complete. It has been established that an oxide hydrate of -t-4 rhodium exists, and 
rhodium is unquestionably tetrapositive in the complex compound Kj[RhF4]. 


'The valence of rhodium towards fluorine may exceed three in simple compounds also, 
but it is not certain whether the highest fluoride has the formula RhF4 or RhFj. The 
prin< ipal product of the reaction of rhodium with fluorine is the trifluoride, RhFg, a red 
finely crystalline powder of density 5.38. 

It has been assumed, but not definitely established, that compounds of + 6 rhodium exist. 
Grube (1937) detected the existence of rhodium(VI) ions in solution. Solutions containing 
rh<Kiium(V''I} ions yield deep blue precipitates, soluble in excess caustic alkali to give blue 
solutions, whereas solutions containing rhodium(IV) ions yield dark green precipitates, 
soluble in caustic alkali to give green solutions. Dipositive rhodium exists in the monoxide 
RhO, delected tcnsimetrically, and in the complex sulfito salt Na,[Rh(S03)t] • aHjO 
prepared by Reihlen (1933). 

'I he unstable oxide RhjO is the only known compound of unipositive rhodium. 


(a) Oxides, Sulfides etc. 

(t) Rhodium dioxide (rhodium(IV) oxide), RhO,, cannot be obtained completely an¬ 
hydrous, according to Wohler, It can be obtained in the hydrated state by the action of 
powerful oxidants on Rh(III). In the electrolysis of sodium hexachlorohodate(III), 
Na3[RhCl,], the oxide is obtained at the anode as a black green precipitate of variable 
water content, usually contaminated with admixed RhjO,. Dehydration of the hydrated 
dioxide is accompanied by simultaneous loss of oxygen, and formation of the anhydrous 
sesquioxide RfigOg. Rhodium dioxide hydrate has a strong tendency to adsorb alkali- or 
alkaline earth hydroxides. The adsorption products were formerly considered to be salts of 
the types, e.g., K ,0 • 6RhO,. Na ,0 • 8RhO,, BaO • i2RhO,, but is very doubtful whether 
they are definite compounds at all. 

(i») Rhodium sesquioxide {Thodium{III) oxide)y RhjO,, can be obtained as a black-grey 
powder both by heating the metal in air and by igniting the nitrate. It has the corundum 
structure (cf. Vol. I, Fig. 72, p. 351) (fl = 5.47 A,a = 55°4o'). Alkali hydroxides precipiute 
the pentahydrate, Rh,Oj ■ 5H,0, as a lemon yellow precipitate, insoluble in water but 
soluble in acids. This furnishes the anhydrous sesquioxide, insoluble in acids, when it is 
heated. 

RhjOj can be degraded to lower oxides, RhO and Rh, 0 , when it is heated under reduced 
pressure. The lower oxides appear to be metastable (Wohler, 1925, Schenck 1937-38). 

(j«) Sulfides. Wohler obtained rhodium penlasulfide, Rh,Ss, by heating RhCl, with sulfur 
in a sealed tube; it is a dark grey crystalline mass, insoluble in acids and even in aqua regia. 
The compounds RhjScj and RhjTe, have been obtained in the same way (Wohler 1933, 
Biltz 1937). It is curious that these three pcntachalcogenides have a structure similar to 
that of pyrite {‘pseudopyrite’ type). According to Biltz, the sulfides RhjSj, Rh3S4, and 
RhySg also exist. 
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(b) Simple Salts of Rhodium 

The anhydrous chloride RhCl, is obtained by heating the metal to dull red 
heat in a stream of chlorine. It is a red powder, insoluble in water and acids. It 
decomposes into the metal and chlorine above 440^ The hydrated chloride RhCl,- 
4H,0, which is very soluble in water (and also in alcohol), is obtained as a red 
deUquescent mass, by dissolving rhodium(III) oxide hydrate in hydrochloric acid. 
It los« its water of hydration, without becoming insoluble, when it is heated to 

i8o® in hydrogen chloride, but is converted to the insoluble form of the trichloride 
when heated at higher temperatures. 

Hydrated rhodium chloride (but not the anhydrous compound) reacts at moderate 
temperatures with carbon monoxide, forming Rh,OCl,(CO), (ruby red needles, m.p. 
125.5—Manchot, 1925). 

The bromide and iodide of rhodium resemble the chloride. Besides the halides, 
rhodium can form simple salts with nitric acid, sulfuric acid, sulfurous acid, 
hydrogen sulfide, hydrocyanic acid, etc.* ** 

Rhodium also forms alums M-Rh(SO,), • 12H,0* *. These lead to a consideration 
of the true coordination compounds of rhodium. 

(c) Coordination Compounds of Rhodium 

Rhodium forms rather strongly complexed coordination compounds. These can 
be divided into two classes, involving complex cations and complex anions, res¬ 
pectively. Rhodium invariably has the coordination number 6 in the former, and 
is usually 6-coordinated in the latter. 

Rhodium salts with complex cations (‘rhodammines’) have been studied principally by 
Jorgensen. They correspond closely in properties to the cobalt and chromium compounds 
of analogous composition, and are typically strongly complexed. Representatives of the 
following types are known: 

Rh(NH3)e]X3, hcxamminerhodium(lll) salts 
Rh enjJXj, tris-cthylencdiaminerhodium(III) salts 
[Rh(HjO)(NH,)5]X3, aquopentamminerhodium(III) salts 
(RhR(NHj)s]X„ acidopentamminerhodium(III) salts (R = univalent 

acido group or hydroxyl group) 

[RhClj pyr^jX, dichlorotctrapyridinorhodium(III) salts. 

The dimethylglyoxime compounds of rhodium, prepared by Tshugaieff, are to be in¬ 
cluded in the last mentioned type. They have the constitution 

( CH3C=N— 

CH3 ■ C 

* As in the case of chromium, some of the rhodium compounds, which appear from the 
analytical data to be simple salts, really possess a more complicated structure. They 
accordingly often occur in different forms, which are apparently isomeric except for their 
water content. Thus, according to Krauss, rhodium(in) sulfate, Rhj(S04)3, exists in a 
yellow and a red form. The’former, in freshly prepared aqueous solutions, gives the reactions 
for Rh+++ and SO4-, whereas these reactions are not observed in fresh solutions of the red 
form. Similar observations have been made for rhodium selcnate (Meyer, 1936). Rhodium 
chloride also exists in a brown red form and a yellow form—[RhCl3(H20)g], soluble without 
any ionization of Cl" ions, and [Rh(H20)3)Cl3, apparently existing only in solution. 

** The alums are derived from the yellow rhodium sulfate, and cannot be obtained from 
the red form. 


Rh (NH3), X. 

a _ 
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I'hc tns-cthyicncdiaminc compounds belong to the type of complex which, according to 
Werner’s theory, should be capable of existing in two enantiomorphous forms, and they 
have in fact been resolved into their two optically active components. Their optical 
rotation is found to be opposite in sense to that of the corresponding cobalt and chromium 
compounds, thereby demonstrating the decisive importance of the central atom for the 
direction of optical rotation. 

Rhodium salts with complex anions are represented chiefly by acido salts of the type 
M'3[Rh Xj], where X = Cl. NO,, CN, JSO,, JSO,, JCjO,, etc. A few compounds of the 
general formula M'jfRh Xj) arc also known, however. (X = Cl, Br), and also dimethyl- 
glyoximc compounds of the formula M'[RhCl2(C4HgN,0,H),]. This complex anion b 
deri\ed from the cation depicted above, by exchange of the two neutral NH, groups for 
C 3 ions. Iridium compounds of the same type arc also known. 

Reference has been made to the hcxafluororhodium{IV) complex, K,[RhF,] (p. 332). 

For rhodium carbonyl compounds (Hiebcr and Lagally, 1943) see Tabic 34, p. 352. 


19. Iridium (Ir) 

Iridium is invariably found as the native metal, alloyed sometimes with pla¬ 
tinum and sometimes with osmium. Iridium-osmium alloys (‘osmiridium’) arc 
found in smaller or larger amounts in all platinum ores—usually in very fine 
subdivision, but occasionally in larger grains. Traces of iridium are also found in 
a few occurrences of gold. It is often distinctly to be detected in meteoric iron, and 
the presence of iridium in the sun’s photosphere has been established. 

Iridium was discovered by Tennant in 1804, at the same time as osmium. Its 
name = rainbow colored) symbolizes the range of colors found among 

its compounds. 

(a) Physical Properties 

Iridium is a silver white, very hard and rather brittle metal, with distinctly 
crystalline texture. Its ductility is low even at red heat, but it can be filed and 
polished. The density of iridium is 22.65, has the highest melting point 

(2454®) of any platinum metal but osmium. 

I ridium is, after osmium, the least volatile of the platinum metals in a vacuum. However, 
volatilization becomes perceptible even at a bright red heat when the metal is heated in air. 
rhis volatility, which U often an inconvenience in using apparatus made of platinum- 
iridium alloys, arises from the formation of the dioxide. 

Molten iridium dissolves a certain amount of carbon, without combining with it, and 
the carbon separates out as graphite on cooling. Fine iridium powder can absorb a consider¬ 
able amount of hydrogen, especially when charged with the gas electrolytically. Colloidal 
iridium was obtained by Paal, by mixing iridium chloride, lysalbumin, and strong sodium 
carbonate solution, and by Gutbier. from the reduction of the chloride with hydrazine. 

Iridium is inferior to platinum and palladium in its catalytic properties. Iridium 
finds technical applications not only because of its chemical inertness, but espe¬ 
cially because it possesses great hardness. 

(b) Chemical Behavior 

Iridium is not attacked by any of the usual acids, even including aqua regia. 
It is, however, attacked by hydrochloric acid in the presence of air, when heated 
under pressure at 125®. If powdered iridium is heated to a duU red heat in air or 
oxygen, it is converted to the dioxide, IrO,. This decomposes again at higher 
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temperatures, so that no oxidation of iridium occurs above 
lively easily attacked by clilorinc at red heat—especially 
chloride, with which iridium chloride fornis a double salt. 


I 140*. Iiidium is rela- 
if mixed witli sodium 


Ind.um mixed w..h sod,um chlor.de .rise reads a, high umperatures ui.h hro,„,„e and 
.odme, which othenvse scared, al.ack I, also comlrines with sulfur svhen heat. d, and 
forms With phosphorus a fus.bie compound which decomposes aga.n a. higher lenm. r- 
atur«. A method for the technical preparation of fused iridium is based on this fact. Irid tun 
combm« directly With ai^emc only with difficulty, although the compound Ir.\s, can be 
prepared by heating IrCl, with arsenic in hydrogen (Wohler. 193,). With phomhorus 
jridtum forms the compounds lr,P and IrP, (cf. p. 3311 for structure). Molten alkali 

• f- indium, although Claus obtained a mixture of soluble and 

insoluble mdates (see below) by adding powdered iridium to a soda-potassium nitrate 
melt, bused potassium pyrosulfatc forms only insoluble Ir O 

The redox potential [IrCl,] 3 -/(IrCb]*- in a solution i-molar with respect to HCI is 

• yolu relative to the normal hydrogen electrode (Woo. 1931). Thus the tendency of 
iridium(IV) ions to revert m a lower valence state is greater than that ofiron(III) ions, for 

example (cf. Vol. I, p. 765, Table 103). It should be noted, however, that the redox potential 
may be shitted considerably through complex formation. 


20. Indium Compounds 


(a) Oxides, Sulfides, etc. 


(i) Iridium dioxide, IrO„ is obtained as a black powder by heating finely powder¬ 
ed iridium m air or oxygen. According to Wohler, the optimum temperature is 
about 1070®, since dissociation occurs at higher temperatures, and leads directly to 
metallic iridium. Since the metal can dissolve oxygen, it is not possible to specify 
a definite dissociation pressure. Iridium dioxide, like the dioxides of ruthenium 
and osmium, has the rutile structure, with a = 4.49 A, c = 3.14 A. Iridium dioxide 
hydrate, IrO,.- 2H20 or Ir(OH)4, may be prepared by reaction between a solu¬ 
tion of sodium chloroiridate(III), Na,[IrCU],* and potassium hydroxide, accom¬ 
panied by passage of oxygen through the solution. Violet and blue colloidal dis¬ 


persions are first obtained thereby, and the dioxide hydrate separates out from 
these after some time. According to the conditions of precipitation, the product 
may be indigo blue, violet, dark blue, or black in color. The water content corres¬ 
ponds to that of the formula given, after drying over concentrated sulfuric acid. 
The dioxide hydrate is completely insoluble in caustic alkalis, even when freshly 
precipitated. It is fairly readily soluble in acids, however. The anhydrous dioxide 
is insoluble in nitric acid and sulfuric acid, but soluble in hydrochloric acid with 
which it forms the complex acid H,[IrCl4] (Wohler). 


It was formerly assumed that iridium dioxide could form well defined compounds with 
strongly basic oxides. These were termed ‘iridates’, but these substances are apparently 
merely adsorption products. According to Claus, +6 iridium can also exercise acid-forming 
functions, and forms, e.g., a i>otassium iridate Kj[IrjO,] which is insoluble in water. 
However, this statement also needs confirmation. 


(ii) Iridium sesquioxide {iridium{IIiy oxide), IrgO,, is obtained in hydrated form 
by adding potassium hydroxide to a solution of sodium chloroiridate(III); to 
avoid oxidation, precipitation should be carried out in an atmosphere of carbon 

• The salt crystallizes with i2H,0. 
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dioxide. The iridium sesquioxide is green if precipitation is effected with dilute 
potassium hydroxide, but black if concentrated potash is used. The green hydrated 
oxide is converted to the black form by heating it with concentrated caustic 
potash. It invariably adsorbs some alkali, which cannot be removed completely 
by washing (Wohler). 

(ill) Sulfidfi. Hydrogen sullide precipitates iridium disulfide, IrS„ from iridium(IV) 
solutions. This can also be obtained in the dry way, by heating IrCl, in a stream of H,S to 
630“ (Wohler, 1933). Thermal degradation of this compound yields IrjSg (Biltz, 1937), 
which degrades further directly into the metal and free sulfur. There is also a sulfide richer 
in sulfur. This has a definite dissociation pressure at a composition corresponding to the 
formula IrjS*, but can take up a considerable amount of sulfur in solid solution. Heats of 
formation of the sulfides, calculated from the dissociation pressures arc; Ir,S, 25.5; IrS, 30; 
IrjSg about 35 kcal per g-atom of Ir. The sulfide IrjSg has the same structure as the 
iriselcnide IrScj and the trllclluride IrTcj (pseudo-pyrite type, cf. p. 332). 

IrSca and IrTe, are’converted to IrSc, and IrTe,, respectively, on heating; further 
dissociation of the latter leads directly to the metal. 

(b) Halides 

(i) Fluorides. Direct combination of iridium with fluorine leads to iridium hexafluoride, IrF,. 
This was obtained by Ruff (1927) by gently heating powdered iridium in a current of 
fluorine, in a fluorspar tube. At ordinary temperature, iridium hexafluoride forms a very 
volatile, yellow, vitreous mass, which liquefies at 44®. Its boiling point, from the vapor 
pressure curve, is 53°. It is a very reactive compound, and not only combines with water 
according to the equation: 

IrF, 4 - sH.O = Ir{OH)4 + 6HF + * 0 „* 

but is reduced even by chlorine, to form IrF4 and GIF. 

Iridium tetrafluoride, which is most simply obtained by heating iridium hexafluoride with 
iridium powder, is a viscous, yellow-brown, non-volatile oil, which is immediately hy¬ 
drolyzed by water to iridium(IV) hydroxide and hydrofluoric acid. 

(ii) Chlorides. The chlorides of iridium were the object of an exhaustive investigation by 
Wohler (1913). The most readily obtained is the trichloride, IrCI,, which is best made by 
heating powdered iridium in chlorine to 600-620®. It is an olive green powder, which be¬ 
comes yellow and crystalline, without change in composition, when it is sintered at 650°. 
It is stable under 1 atmosphere of chlorine pressure up to 763®. By loss of chlorine, it passes 
into iridium dichloride, which is stable between 763® and 773®. Between 773® and 798®, under 
I atm. of chlorine pressure, the monochloride, IrCl, is stable (copper red crystals, density 
10.18). All these chlorides are insoluble in water, and also in acids and in caustic alkalis. 
When iridium trichloride is heated with chlorine under high pressure, iridium tetrachloride, 
IrCli, is slowly formed. This can be obtained in hydrated form by treatment of ammonium 
hexachloroiridate(IV), (NH4),[IrCl4], with aqua regia. The hydrated tetrachloride forms a 
brown-black deliquescent mass. It is not very stable, and evolves chlorine on heating, even 
under a chlorine pressure of 1 atm. Hydrated iridium trichloride forms dark green, water- 
soluble crystals. These water-soluble chlorides arc, however, probably not simple salts, but 
complex chloro-hydroxo compounds. 

(c) Iridium Salts 

The chlorides of iridium do not have the typical properties of salts, and very 
iitle is known at all oi simple salts of iridium. Both the composition and the con¬ 
stitution of some of the compounds mentioned in the literature must be regarded 
as questionable. On the other hand, iridium forms numerous well defined complex 


* Some O5 is formed, as well as O,. 
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salts. The well characterized alums. M'Ir(SOj2 • laH.O (M‘ = NH,, K, Rb, 
Cs, T 1 ‘) represent a transition between the simple salt and complex salt types. 

Whereas tetrapositive iridium appears to form only salts with complex anions 
(acido-salts), both salts with complex anions and with complex cations are known 
as derivatives of tripositive iridium. 

Iridium(III) salts with complex cations (‘Iridammines’). like the corresponding cobalt 
and chromium compounds, are typical strongly complexed compounds. They conform 
essentially to the types known also for rhodium: 

[Ir(NK3),]X3, hcxammineiridium{III) salts 
(Ir(HgO)(NHj)s]X3, aquopentammineiridium(III) salts 
[IrR{NH3)s]X2, acidopentammineiridium(III) salts 
[IrR,(NH3)3]X, diacidotetrammineiridium(III) salts. 

The known salts of triposilive iridium with complex anions are almost without exception 
hixacidoiridates i.e., of the type M*j[IrX3]. Numerous representatives of this type arc 
known (X = Cl. Br, I, NO,. CN, iSO„ iSO,, SO,K, etc.. M« = Na, K, NH*. Ag, Hgh 
and often H). 

Sodium kexachl0T0iTidaU(III)^2^^[\TC\^] ■ 12H2O, often used as the starting material for 
the preparation of other iridium(III) compounds, is prepared from the corresponding 
chloroiridate(IV) salt. The latter is obtained by heating an intimate mixture of powdered 
iridium and sodium chloride in chlorine, and may be reduced by gentle means—e.g., by 
heating in hydrogen chloride at 400-500®, or by treatment in solution at room temperature 
with hydrogen sulfide. Pentachloroamminciridate(III) salu M>,[IrCls(NH3)] were pre¬ 
pared by Lebedinski (1938). For dimethyl glyoxime compounds of iridium see p. 334. 

Complex compounds of +4 iridium conform to the type M'gfIrX,] (hexacido- 
iridate(IV) salts), and comprise chiefly the halogen compounds. Ammonium 
hexachloroiridate{IV)y (NH4),[IrCl,], isomorphous with ammonium hexachloro- 
platinate, is precipitated by adding ammonium chloride to a solution of sodium 
hexachloroiridate(IV) (see above), as deep red, octahedral crystals. Itisveryspa- 
ringly soluble in cold water, but considerably more soluble in hot water, and can 
therefore conveniently be recrystallized. Hydrated iridium tetrachloride can be 
prepared from it by treatment with aqua regia, and it is converted to the tri¬ 
chloride by heating it in chlorine. The pure metal is readily obtained by heating 
ammonium chloroiridate in hydrogen. 


(d) Carbonyl Compounds 

The ir^ium carbonyls^ [Ir(CO)4], and [^{CO),]* (cf. Table 34, p. 352) correspond in 
composition to the cobalt carbonyls. They may be readily prepared by the action of CO on 
the iridium halides or halogeno-complex salts under pressure. Iridium carbonyl halides are 
formed as intermediates in this process. These have the compositions Ir(CO)jX2 and 
Ir{CO)aX, and do not correspond to the cobalt carbonyl halides; their properties—e.g., 
color and volatility—show a regular gradation with the halogen and CO content. These 
compounds appear to be monomeric, covalent compounds, with the coordination number 4. 
(Hieber, 1940 and later). 

Hieber has also shown the existence of an iridium carbonyl hydride, H[Ir(CO)4]. 


2I-24. Dyad ID: Palladium and Platinum 


General 


Palladium and platinum are ductile, not very hard metals. Their melting points 
are higher than that of iron, but lower than the melting points of the other pla¬ 
tinum metals. Palladium in particular is attacked by acids, but platinum is also 
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more readily attacked than other platinum metals; palladium and platinum (es¬ 
pecially the latter) have a smaller affinity for oxygen than do their congeners. 
Catalytic properties are very highly developed in both palladium and platinum. 

Both elements are predominantly di- and /Wra-positive in their compounds. 
Very few simple compounds are formed, but both elements have a very strong ten¬ 
dency to form complex compounds. 


21. Palladium (Pd) 

Palladium is found native in the form of individual grains in platinum ores, and 
in certain auriferous sands of Brazil, Colombia and the Caucasus. It frequently 
occurs alloyed with gold or silver (or both). In these ores, the palladium is usually 
about I to 2 per cent of the platinum content. The proportion of palladium to 
platinum is very much higher in the primary deposits of platinum, such as arc 
found in ultrabasic rocks in the Transvaal, and in the nickcliferous pyrrhotitc of 
Ontario. In the Transvaal, palladium is present as braggiU, (Pd,Pt,Ni)S;. as 
stibiopalladinile, PdjSb, and as a mercuride PdHg. In the Sudbury deposits, palla¬ 
dium is present in amount comparable with the platinum, probably largely as 
the selenide. Lockyer showed that the lines of palladium were observable in the 
spectrum of the sun. 

Palladium was discovered by Wollaston in 1803. He named the clement in 
honor of the minor planet Pallas, which had newly been discovered. 

(a) Physical Properties 

In appearance, palladium stands between silver and platinum. Its density is 
12.03 and it is the most fusible of the platinum metals (m.p. 1555®). It softens 
before melting, and can therefore be worked and welded. It is a little harder and 
tougher than pure platinum, but its elasticity is lower. 

Palladium has a considerable absorptive capacity for many gases, and especially for 
hydrogen. Palladium consequently manifests a highly specific pemuabUiiy for hydrogen. 
This is distinctly measurable at 240'’, and increases further with rise of temperature. 

According to Graham, a palladium sheet i mm thick allows the passage 01*42.3 cu. mm 
of hydrogen per min. per cm* at 240^, or 400 cu. mm per min. per cm* at 1060°. At ordinary 
temperature, palladium can take up 350-^50 times its own volume of hydrogen. It swells 
markedly in so doing, and becomes brittle and cracked. The hydrogen is given off again on 
gentle warming in a vacuum. It is dissolved in the metal in the atomic state. Hydrogen is 
strongly activated by palladium, accordingly. 

The absorption of hydrogen is accompanied by a decrease in the electrical conductivity 
of the palladium. The passage of current through a palladium wire charged with hydrogen 
is accompanied by some transport of hydrogen, and it follows that the H atoms in palladium 
are dissociated (at least to some degree) into protons and electrons. Hydrogen is thus present 
in palladium in the ‘metallic state’. 

Depending upon the pretreatment of the metal, the velocity of absorption of hydrogen by 
palladium may be proportional to the gas pressure, or to the square root of the gas pressure. 

I n the former case, the rate determining step is the dissociation of H« molecules, adsorbed 
at the metallic surface, and in the latter case it is the rate of penetration of H atoms, formed 
by dissociation, into the interior (Wagner, 1932). 

X-ray investigations have shown that the absorption of hydrogen is not attended with 
any change in the crystal structure of palladium. However, if the hydrogen content exceeds 
a certain amount (which depends on the temperature), the lattice undergoes a discontinuous 
expansion (froip a — 3.884 A to 4.020 A at room temperature). Further increase in hy- 
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drogen content ^""8^ about a liirther continuous expansion (to 4.07 A at a hvdrogcn 
content 0^0.80 properties also undergo a discontinuous change with the 

expansion of the lattice. The palladium-hydrogen system with an expanded lattice is there¬ 
fore regarded ^ distinct from the solid solution phase, which shows no lattice expansion - 
l e.. It IS considered to be a which has a rather broad range of homogeneity. Its 

Ideal formula may be Pd,H. but there arc some reasons, based on the electronic theors ol 
metals, for considering that it may approximate PdH, 


‘0 6 


In contact with palladium, hydrogen can react with chlorine, bromine, iodine, 
and oxygen in the dark and at ordinary temperature. 

Palladium sponge charged with hydrogen ignites in air. The occluded gas also 
reduces HgCI, to Hg,CU, FeC^ to FeCI„ [Fc(CN),] 3 - to [Fe(CN),]*-, [AsO,]^- 
to [AsOa]^ , [CIO,] - to C 1 -; it converts SO, to H,S, [XO3]- to [NOJ- and \H, 
CHsNOj to CH3NH,, CsHsNOj to C,HsNH,, etc. Palladium charged with 
hydrogen, in contact with oxygen and water, can also bring about interesting 
oxidation reactions-e.g., it converts CO (which is not oxidi^ed by ozone at its 
decomposition temperature) into COj at ordinary temperature, N, into NH^N'Oj 
benzene into phenol, and toluene to benzoic acid. 

Palladium is especially active catalyiically in the colloidal state. 


Palladium can be obtained as a reversible colloid (according to Paal) by the reduction 
of aqueous palladium(n) chloride, to which sodium prolalbinatc (as protective colloid) 
and caustic soda (rather more than nccessar>' to precipitate the hydroxide) arc added by 
means of hydrazine hydrate. Electrolytes arc removed by dialysis, and the solution is 
evaporated at 60-70^ after drying over sulfuric acid, black lamellae are obtained, from 
which the sol may be reconstituted simply by the addition of water. 


Colloidal palladium prepared by Paal’s method, which can absorb 3-8 times 
as much hydrogen as ordinary palladium, has proved particularly suitable for the 
hydrogenation of unsaturated organic compounds. Hydrogenation can be carried 
out at room temperature, with the minimum risk of interference with the mole¬ 
cule, as is necessary, for example, in determinations of constitution. 


(b) Chemical Behavior 

Palladium is oxidized to palladium monoxide, PdO, by oxygen at a dull red 
heat. The oxide decomposes at higher temperatures. Palladium which has been 
melted in an atmosphere of oxygen spurts on solidification, like silver, since in the 
molten state it dissolves more oxygen than in the solid state. 

At a red heat, fluorine converts palladium to the difluoridc PdF„ and chlorine forms the 
dichloride PdCIg. Sulfur and selenium attack the metal at a rather higher temperature, 
with vigorous evolution of heat. Phosphorus and arsenic react rather less energetically, and 
silicon reacts only at a white heat. Carbon is dissolved by molten palladium, but is rede- 
posited, as graphite, upon solidification. Palladium forms alloys with most metab; it forms 
unbroken series of mixed crystals with cobalt, nickel, copper, silver, and gold. For further 
data on the behavior of palladium towards the metals and non-metals see Table 29, p. 244-5. 

The system Mn-Pd, referred to in Table 24 (p. 209) (Grube, 1936), is note%vorthy in that 
a compound Mn^Pda appears, which is formed from the mixed crystals primarily deposited 
by a transformation occurring in the solid slate without any change of composition. In the for¬ 
mation of this compound the primary mixed crystals, which have the same crystal structure 
as Pd, undergo a structural transformation below 1175°, to form a crystal structure peculiar 
to the compound MngPdj. In this structure, the Mn and Pd atoms are initially distributed 
completely at random, but below 530® an ordering process sets in (formation of a ‘super- 
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stfuclurc’ phase), without change of crystal structure. The second compound which 
appears in this system, MnPd, corresponds to a maximum (at 1515®) in the melting point 
curve. It docs not differ in any respect in structure, above 608®, from Pd and its face- 
ccntcrcd cubic mixed crystals. Below 608° it undergoes a structural transformation, 
forming a tetragonal face-centered structure with an ordered distribution of Pd and Mri 

atoms. 

Palladium is slowly attacked by dilute nitric acid. Itdissolves rapidly in concen¬ 
trated nitric acid, especially in the presence of oxides of nitrogen. The best solvent 
for palladium is aqua regia. Hydrochloric acid is without action on compact 
palladium, even when the acid is concentrated, as long as it is free from dissolved 
oxygen or free chlorine. 

Boiling concentrated sulfuric acid dissolves palladium, forming PdSO^ and SO,. The 
.same reaction occurs on fusion with potassium pyrosulfatc. Palladium is not oxidized by 
fusion with soda and potassium nitrate, but is converted to the monoxide, PdO, if it is 
heated with sodium peroxide. 

riie standard potential of palladium is about —0.82 volt—i.e., palladium is 
rather more noble than silver. 


22. Palladium Compounds 

Palladium is usually dipositive and less often tetrapositive in its compounds. 
Known compounds of -f-2 palladium include the monoxide, PdO, the monosul¬ 
fide, PdS, and a few simple salts, among which are the halides PdX,, as well as a 
very large number of complex salts (coordination compounds). The dioxide, 
PdO, (which is known only in the hydrated state), the disulfide, PdS„ and coor¬ 
dination compounds (especially the fuxahalogenopalladales M',[PdX,]) are known 
as derivatives of +4 palladium. 

Palladium is predominantly trivalent towards fluorine. Ruff (1929) obtained the /ff- 
jluoridfy PdFj, with relative ease, by treatment of PdCl, with fluorine at 200-250®. The tri- 
fluoride is a black, finely crystalline, hygroscopic powder (density 5.06). It was not possible 
to obtain the difluoridc, PdF„ in a state of purity by dry methods. 

(a) Oxides, Sulfides, etc. 

(1) Palladium monoxide, PdO, may be obtained as a black powder, insoluble in all 
acids (including aqua regia), by heating palladium powder in oxygen. It decom¬ 
poses into palladium and oxygen at high temperatures, the decomposition pres¬ 
sure reaching i atm. at 875°. A hydrated, acid-soluble form of the oxide is obtain¬ 
ed by precipitation from solution—e.g., by hydrolysis of palladium nitrate. The 
hydrated monoxide is brown when air dried, and black when it is dried on a water 
batli. Its water content is variable, and water is not lost completely when it is 
heated to 500-600®, although loss of oxygen then commences. Its solubility di¬ 
minishes as its water content is lowered. It has the properties of a weak oxidant. 
Hydrogen reacts even at ordinary temperature, both with the hydrated and the 
anhydrous oxide, reduction to the metal occurring with incandescence. 

(ii) Palladium dioxide. It has been possible to prepare palladium dioxide, PdO,, only by wet 
methods, and in a hydrous condition. Thus it is obtained by the addition of alkali hydroxide 
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to the solution of a chloropalladatc, M'JPdCU], as a dark red precipitate which turns 
black when any attempt is made to dry it. It is completely converted to palladium monoxide 
at 200 , and dccornposes slowly even at ordinary temperature. It has stronedy oxidizinc 
properties. When freshly prepared, it is soluble in cold dilute acids and in concentrated 
sodium hydroxide solution. The solubility diminishes as its water content is reduced. 


(iii) Sulfides. The sulfides of palladium have been studied chiefly by W'bhler (lO'i't) 
Biltz (1936) and Weibke (1935)—cf. Table 29, p. 244-5. Patladiummonosulfide. PdS. is precipi¬ 
tated by hydrogen sulfide from solutions of palladium(II) compounds, as a brown-black 
precipitate, insoluble in dilute hydrochloric acid and in ammonium sulfide. Prepared in the 
dry way (c.g., by heating ammonium chloropalladatc with sulfur, or by thermal decompo¬ 
sition of the disulfide) it forms hard bluish or silvery lustrous crystals, insoluble in nitric 
acid or aqua Palladium disulfide^ PdS^, can be obtained by various methods--< .e., 

by heating PdClg with sulfur to 450-500°. In the finely disperse stale it is brown black; in 
the crystalline state grey black. It is insoluble in strong acids, but is readily dissolved by 
aqua regia. Above 600° it loses sulfur, and is converted to the monosulfide. 

The crystal structure of PdSj is not known. PdSca and PdTc, form layer lattices of brucite 
(or Cdig) type. The naturally occurring (Pd,Pt,Ni)S, braggite. has a quite different 
structure from NiS. The palladium atoms arc located at the center of a square planar 
arrangement of sulfur atoms; thus the configuration is the same as in the coordination 

compounds of +2 palladium. It has not been established whether the synthetic pure PdS 
has the same structure. 

Double compounds of the palladium sulfides with allf;4li sulfides have been prepared by 
dry methods. 


(b) Simple Palladium Salts 

These, e.g., the dark red-brown, very hygroscopic dichloride, PdClj • 2H2O, 
the red brown, deliquescent sulfate PdS04 • 2H20 and the nitrate Pd{N03)n, 
which crystallizes in yellow brown deliquescent prisms—may obtained by dissolv¬ 
ing palladium(II) oxide hydrate in the appropriate acid. The anhydrous di¬ 
chloride, PdCla, which may be prepared byheatingpalladiumspongetoaredheat 
in chlorine, is also freely soluble and deliquescent. The aqueous solution is deco¬ 
lorized by carbon monoxide, ethylene, methane, and other reducing gases, with 
deposition of metallic palladium. Traces of carbon monoxide or coal gas can thus 
readily be detected by filter paper impregnated with very dilute palladium chlori¬ 
de solution. 


X-ray studies have shown that in anhydrous palladium(II) chloride each palladium 
atom is at the center of a square of co-planar chlorine atoms, so that the crystal might be 
formulated as a ‘linear polymer’ of PdCI,: 


Cl 


j/Cl\ ^Cl\ ^ 

Pd;: pd^ Pd^ Pd^ Pd^, etc. 

ei^ ^ci-^ 


The square planar, 4-coordinated arrangement is characteristic of many compounds of 
dipositive palladium (e.g., the chloropalladites or tetrachloropalladate(II) salts, see below), 
both in crystal structures, and in complex ions in solution. It is not improbable that the so- 
called ‘simple’ salts mentioned above are all coordination compounds—e.g., [PdX2(H20)2] 
in the case of the solid state, whereas the ion [Pd(H20)4]+'*' may possibly be present in their 
solutions. 

WTien anhydrous palladium dichloride is heated in a stream of dry carbon monoxide that 
has been charged with methyl alcohol vapor, it combines to form the compound PdGIjCGO). 
This is instantly decomposed by water, with the formation of metallic palladium. (Man- 
chot, 1926). 
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In hydrochloric acid solution, palladium{ll) chloride forms complex ions 
[PdCI*]". On evaporation solutions containing palladium(II) chloride and alkali 
chlorides furnish crystals of tetrachloropalladate{U) salts (chloropalladites), of the 
formula M'*[PdCl4l—e.g., potassium tetrachloropaUadate(II), K,[PdCl4], red 
brown dichroic prisms, isomorphous with the corresponding platinum salt (p. 347). 
I'he [PdCl4] ion has been shown by X-ray studies to have a coplanar square con¬ 
figuration of the chlorine atoms. (Dickinson). 


(c) Complex Salts of Palladium 

A wide variety of palladium compounds of the type M',[Pd X4] is known, in 
addition to the tetrachloropaUadates, and including cases where the corresponding 
‘simple’ palladium salt cannot be isolated. There are also numerous ammirus of 
4-2 palladium. Nearly all of these are of the types [Pd(NH,)4]X, {tetrammirupalla- 
dium[Il) salts) and [Pd{NH,),Xa] {diamminepalladium{ll) compounds, of non-elec¬ 
trolyte type). Tetrammine compounds arc in general obtained by passing ammo¬ 
nia gas over anhydrous simple palladium salts; they may also be obtained from 
solution. If a deficiency of ammonia is used, or if tetrammine salts are treated with 
acid, the diarnmine compounds are obtained. 

For the configuration of diarnmine and tetrammine palladium(II) salts, sec p. 349. 

In the tetrapositive slate, palladium forms no complex cations (unlike platinum), 
but is able to form complex anions. Thus the action of chlorine or aqua regia onasolu- 
tion of potassium tetrachloropalladate(II) ^ToduccspotassiumhexachloropalladaU{IV), 
which is sparingly soluble in cold water and crystallizes in vermilion regular 
octahedra. It is also obtained by dissolving palladium in aqua regia (or hydro¬ 
chloric acid-chlorine mbeture) and adding potassium chloride. It readily loses 
chlorine, and undergoes conversion to the tetrachloropaUadatc(II)— c.g., merely 
on boiling the aqueous solution. When it is treated with aqueous ammonia, it 
forms diamminepalladium(II) chloride, [Pd(NH,),Cl,], with cvoluUon of nitro¬ 
gen. 


According to Wellmann, the equilibrium constant ^ value 4160, 

in a solution i-normal with respect to Cl“ ions. In such a solution, the oxidation potential 
for the half-reaction 2CI- PdCl4= = PdCU= -f- 2# is —1.29 volts at 25®, relative to the 
normal hydrogen electrode. 


23. Platmum (Pt) 

Platinum is most commonly found in alluvial deposits as the native metal. It is 
generally associated with the other metals of the platinum group, and also with 
iron, lead, copper, gold, and silver. A few compounds occur as minerals— e.g., 
sperryliU, PtAs, and cooperite, PtS. 

Unlike gold, which is found in acid (i.e., quartzitic) rocks, platinum ores are found almost 
exclusively in ultrabasic rocks, and in particular, in secondary alluvial deposits derived from 
them. Primary deposits of platinum (which, except for those of theTransvaal, are very little 
worked), contain the native metal or platinum minerals very finely dispersed in silicates of 
the olivine and pyroxene types. Detritus from the primary deposits, and water borne gra¬ 
vels, have carried the platinum with them in the course of geological time, and have laid 



down deposits, enriched in the heavier minerals, in the places where the secondary deposits 
of ore arc now found. 

The most productive source of platinum was forinerK tlic Urals. Outside Russia, 
platinum is found in Europe only in very small amounts in France ami Spain. 
Outside Europe, platinum is found in Canada, in the nickeliferous pyrrhotitc of 
Sudbury, where it occurs chiefly as sperrylite, dispersed in pyrrhotite, chalcopyrite. 
and pentlandite. These deposits now represent the greatest single smirce of pla¬ 
tinum and (as already mentioned) of palladium. Platinum also occurs as sperrylite 
in the ultrabasic rocks of the Transvaal, and as native metal in Colombia, Brazil, 
Haiti, Borneo, California, New Caledonia, and Lapland. 

In the Sudbury ore. the platinum content is about i g per ton—i.e.. i part in J.ooo.ooo. 
The platinum metals become concentrated in the copper-nickel matte of the Orford pro¬ 
cess, and can be recovered from residues of the nickel carbonyl process of nickel refining, 
and from anode slimes in electrolytic nickel refining. Such residues may contain about £"o 
platinum and as much palladium, with o.2‘'o rhodium, ruthenium. 0.04^0 iridium, 

and traces of osmium, together with silver and gold. 

The world production of platinum, in the form of ores, amounted in 193b to about 10 
tons, of which 41 came from Canada, 31°,, from Russia, t2"o from Colombia and 
from the Union of .South Africa. 

(a) Physical Properties 

Platinum is a grey-white, lustrous, metal, which is not very hard, is fairly ductile, 
and can readily be fashioned and welded when hot. Its density is 21.45, »^i p- 
1774®; it can be vaporized in the electric arc. 

From measurements at low pressures, Van Liempt extrapolated the boiling point to be 
3800®. The specific heat of platinum is 0.318, electrical conductivity x = g.i • 10^ at o\ 
and thermal conductivity A = 0.165 ' 7 '*)- Its coefficient of thermal expansion (9.1 • lo*) 

is close to that of soda glass, so that platinum can be sealed into soda glass.* 

Platinum is markedly permeable to hydrogen at red heat, but not to other gases such as 
Oj. N,, CIj, HCl, CO, CH^, H, 0 , H^S. or NH3. The two latter arc decomposed in contact 
with hot platinum, and the hydrogen so formed diffuses through the metal. 

Platinum can absorb considerable quantities of hydrogen. In the finely divided 
state (as platinum sponge, or platinum black), it can take up more than 100 times 
its own volume of hydrogen. It can most readily be saturated with hydrogen by 
generating the gas at its surface electrolytically. Platinum gives the occluded ga.s 
up again less readily than does palladium, but the gas can be driven out comple¬ 
tely by heating the metal in a vacuum. 

Very small amounts of helium are also absorbed by platinum, and also oxygen 
in rather large amounts. Platinum black can absorb up to 100 times its own volume 
of oxygen. Hydrogen and oxygen, dissolved in platinum, are highly activated, 
This is the basis of the efficacy of platinum as a hydrogen- or oxygen-carrier. 
Colloidal platinum^ prepared by reduction of hexachloroplatinic acid by means of 
hydrazine in weakly alkaline solution, and in presence of a protective colloid, is 
particularly effective for the hydrogenation of unsaturated organic compounds. 
Paal, who introduced the use of protected colloidal platinum prepared in this 

♦ But not, however, into such glasses as Pyrex. V’acuum-tight glass-to-metal seals in 
borosilicate glass apparatus can be made by using tungsten and certain special alloys, such 
as Kovar or Fernico, which have low coefficients of expansion. 
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\va\', used sodium lysalhuminate as protective agent; Skita found that gum arabic 
OT' tlie puicst gelatin could often l)e used with advantage. Bredig had already 
picviously obtained irreversible (because unprotected) colloidal dispersions of 
plaliiunn, by vaporization of the metal in an electric arc, struck under water. 
Platinum sols prepared by Bredig were noted for their catalytic acceleration of the 
decfunposition of hydrogen peroxide, which was still quite perceptible even at the 
highest dilutums (0.03 mg per liter). This hydrogen peroxide catalysis is inhibited 
l>v protective colloids, such as gelatin. 

(b) Chemical Behavior 

platinum has the properties of a decidedly noble metal. It is practically without 
reaction with oxygen, and is not attacked by strong acids, except by aqua regia, 
in whicli it dissolves readily to form hcxachloroplatinic acid, Hj[PtCl,]. 

.\ccording to Wohler, platinum not only dissolves oxygen when it is moderately heated 
in an oxygen atmosphere, but can also combine to form the monoxide PtO. Platinum 
sponge can undergo partial oxidation even at ordinary temperature. The oxide is no longer 
Sialile above *,6o^ Platinum is also not quite completely insoluble in concentrated sulfuric 
arid, especially at high temperatures. 

Platinum is rapidly attacked by hot alkali peroxides. Unless air is rigorously 
excluded, traces of peroxide are also formed when alkali hydroxides are melted; 
hence these melts also attack platinum. Carbon monoxide does not directly attack 
platinum. The risk of licaiing platinum crucibles in flame gases containing carbon 
monoxide or hydrogen (sec p. 345) probably chiefly due to the reducing action on 
the contents of the crucible of the gases which diffuse through the platinum. 

Above 250®, platinum unites with dry chlorine to form the dichloride, PtCl,. 
It is slowly attacked by chlorine water even at ordinary temperature. It combines 
with fluorine at a dull red heat, forming chiefly platinum tetrafluoride, PtF4, with 
small amounts of the difluoride, PtF,. Platinum is also attacked by sulfur under 
certain conditions, and still more easily by selenium, tellurium, and especially by 
phosphorus, with which it forms very fusible alloys. Platinum also alloys readily 
with arsenic, antimony, bismuth, tin, lead, and silver. It forms a complete range 
of mixed crystals with iron, cobalt, nickel, copper, and gold. Platinum (unlike 
palladium) has only a limited miscibility with silver in the solid state. For further 
details of alloys see Table 29 and 30 (pp. 244-5, 248) Table 17 (p. 124). 

Platinum-chromium alloys with up to 5 weight-% chromium have higher melting points 
and higher electrical resistivity than pure platinum. They arc therefore very suitable for the 
windings of electric furnaces. 

Platinum stands at the bottom of the electrochemical series. However, the ten¬ 
dency of platinum to form complex ions is so great that it is not possible to specify 
its real normal potential more closely. 

(c) Treatment of Platinum Apparatus 

In using platinum apparatus in the laboratory, it is necessary to bear in mind the ease 
with which it may be corroded by certain substances. Particular heed must be given to the 
possible formation of alloys at high temperatures. 

Platinum crucibles should be heated only on triangles of silica, platinum, or fireclay. 
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Heated platinum can decompose hydrocarbons, with the deposition of soot; this carbon 
may diffuse mto the metal which when the carbon is burned off again, is left i^ a rougt n 
ed, bntde state. Platinum crucibles should therefore never be heated in a luminous (sooty) 
flame. VVhen a non-luminous Bunsen flame is used for heating, care should be taken thi 
the crucb e is high enough up in the flame to ensure that the platinum does not come f, 
contact with ^e blue concMn the interior of the flame. A blow pipe or Meker burner is more 
su.Uble for the purpose than a Bunsen burner, but the use of an electric furnace is o be- 
preferred^ Neither the compounds of easily reducible metals (such as silver, copper Ld 
tin, and bismuth) not the metals themselves, may be heated in a platinum crucible Ignh 
tion of boron, borides, silicon, s.hcides, phosphorus, phosphides, arsenic, arsenides, ant imonv 
annmonjdes, sulfides, sulfites, or dithionites in platinum must also be avoided 

^ antimonaies must also not be ignited in platinum, except in 

an electnc furnace, since they are so readily reduced by flame gases. It is possible for attack 

on platinum apparatus to take place during the ashing of organic subsunces containing 
phosphorus, even if earned out in an oxidizing atmosphere.* ntammg 

Fusions of alkali hydroxide or peroxide must never be carried out in platinum 
Platinum crucibles are best cleaned by careful scouring with the finest silver sand (not 
with ordinary coarse-grained sand). The crucible may also be boiled with concentrated 

tilted concentrated nitric acid, but no/ with a mixture of the two. or may be 

cleaned by fusing pota^ium hydrogen sulfate or pyrosulfatc in it. Platinum crucibles are 
not to be recommended, however, for carrying out pyrosulfatc fusions in analysis, as the 
attack IS perceptible; fused quartz crucibles are superior for this purpose 
The same rules apply to the use of other platinum apparatus as for crucibles. 


24* Platinum Compounds 

Platinum is predominantly di- and tetrapositive in its compounds. It has a 
strong tendency to form complex compounds, and exists exclusively in that form in 
solutions. Platinum forms acido-compounds in both the +2 and -f 4 states, those 
derived from the latter state being much more stable than those of +4 palladium. 

Platinum diflTers from palladium in that in the tetrapositive state it can also form 
complex cations. 

A few types of complex compounds derived from tripositivc platinum have been de¬ 
scribed. In the monochloride, PtCl, which is stable only within a narrow range of tempera- 
tures, it IS unipositive, and in the very unstable trioxide P1O3 it is hexapositive. 

Platinum is the only member of the Vlllth Sub-group to form alkyl compounds. The 
i^kylplatinum^ides~c.g., (CH,),?!!—were first prepared by Pope and Peachey (iqoq) 
by the acuon of the Grignard reagent on platinum(IV) chloride. (CH,)3PtI forms orange 
crystals (dccomp* about 220^), which arc soluble in organic solvents but insoluble in water 
The molecular weight in benzene solution shows that the compound is highly associated 
When treated with moist silver oxide, the iodide yields the base (CH3),PtOH. This is 
soluble in organic solvents, but insoluble in water, and does not react with cold mineral 
aci^. Tetramethyl platinum, (CH3)4pt, was obtained by Gilman (1938) by the action of 
sodium methyl on trimethylplatinum iodide. It is a solid, fairly sUblc in air and soluble in 
organic solvents. Both (CH3)3ptCI and (CH,)4Pt have been shown by X-ray analysis to be 
associated in the solid state as well as in solution. They form tetrameric molecules 
[(CH,)3PtX]4 (where X= CH3or Cl), of essentially similar structure. The Ptalomsoccupy 
four alternate corners of a cubic framework, with Cl (or CHj) at the other four corners. Each 
Pt atom is thus octahedrally coordinated with 3 unshared CH3 groups and 3 shared Cl atoms 
or CHg groups. Pt(CH3)4 is remarkable in that the ‘bridge’ methyl groups form bonds with 
3 Pt atoms. The present theoretical understanding of such structures is very imperfect. 

* Apparatus made from relatively phosphorus-resistant platinum alloys (Pt-Ru-Nb, or 
Pt-Ta) has recently been introduced for such purposes. 
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(a) Oxides and Hydroxides 

.Mthougli, t*s shown by W^bhlcr, platinum is able to combine directly with 
oxygen at moderate temperatures to form an oxide, the pure oxides and their 
hydrates can only be obtained by indirect means. 

(i) The lowest oxide of platinum is platinum monoxide, PlO; this is not itself known, how¬ 
ever, except in solid solutions with platinum or with platinum dioxide. However, the cor¬ 
responding hydroxide Pi(OH), can be obtained as a black precipitate by the action of alkali 
hydroxide on a solution of potassium tctrachloroplatinate(II), KjPlCb (potassium cUoro- 
piatinite). Air must be excluded, as the moist hydroxide is oxidized easily. After drying in 
carbon dioxide at iao-150'’ its composition corresponds to the formula Pt(OH),. It de¬ 
composes partially, to give platinum dioxide and the metal, if more strongly heated. 

(11 j Platinum sesquwxide, PtjOj. is also known only in the hydrous state. It can be obuined 
by the action of sodium hydroxide on disulfaloplatinumilll) acid, H(Pt(S04)j]*, first isolated 
by Blondel. The latter compound is obtained by reducing a solution of platinum dioxide 
hydrate in concentrated sulfuric acid, by means of oxalic acid; it crystallizes in orange 
plates, fhc .sesquioxidc is readily oxidized when warmed in oxygen, and simultaneously 
giv<-s up water. 

{Hi) Platinum dioxide (platinum(IV) oxide), PtOi, is relatively the most stable oxide of 
platinum. Is is obtained in the hydrated state, as a red brown precipitate, by boiling a 
solution of platinum tetrachloride with soda. The dioxide hydrate is soluble both in acids 
and in strong alkalis. It becomes insoluble in acids on prolonged heating to about 200®, and 
iiegins to lose oxygen at rather higher temperatures, before it has lost all its water. It thereby 
decomposes directly into platinum and oxygen, the lower oxides of platinum not being 
formed as intermediates in the dissociation. It has not been possible to measure definite 
dissociation pressures over the platinum oxides, owing to the formation of solid solutions, 
but it can be stated that no oxide of platinum is stable in oxygen under i atmosphere 

pressure above 500®. 

(ly) The very unstable platinum{VI) oxide, P1O3. was obtained by Wbhler by the anodic 
oxidation of a solution of the dioxide in caustic potash at temperatures below o®. The anode 
became coated with a lustrous golden deposit, having the composition aPtOj • K, 0 , which 
could readily be freed from alkali by treatment with dilute acetic acid. Platinum trioxide 
slowly decomposes at ordinary temperature. Oxygen is rapidly and completely lost, down 
to the composition PiO„ when PtOj is gently heated. Chlorine is at once evolved if the 
trioxide is treated with dilute hydrochloric acid, but there b no evolution of oxygen if 
hydrogen peroxide is added. 

(b) Sulfides 

(i) Platinum monosuljide, PtS, can be obtained either directly from the elements 
(by heating an intimate mixture of very finely divided platinum and sulfur pow¬ 
der), or by the action of hydrogen sulfide on a solution of a chloroplatinate(II) 
salt or tetrachloroplatinum(II) acid; H|[PtCl4] -f- H,S = 4HCI -f- PtS. When 
crystalline, it forms grey needles, but is precipitated from solution as a black pre¬ 
cipitate. The crystalline sulfide, in particular, is very resistant towards both acids 
and alkalis, and is insoluble even in aqua regia. 

(ft) Platinum disulfide, PtS|, is formed as a black precipiutc when hydrogen 
sulfide is passed into an almost boiling solution of a chloroplatinate(IV) salt or of 
hexachloroplatinic acid:** 

H,[PtCU] + 2 HjS = 6 HC 1 + PtS,. 

• This compound crystallizes with water of hydration. 

•• Reduction of a part of the platinum to the metallic state often occurs simultaneously. 
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Platinum disulfide is also very resistant towards acids, but dissolves slowly in hot 

concentrated nitric acid and in aqua regia. It is almost insoluble in alkali solutions, 

unless it is mixed with other sulfides which are themselves soluble. It dissolves in 

polysulfide solutions, however, and does so with especial ease if a sulfide-soluble 

sulfide such as arsenic, antimony, tin, or gold sulfide is present. The platinum 

disulfide is precipitated again, with the other sulfide, when the solutions are 
acidified. 


(Ill) By heating finely divided platinum with alkali carbonate and sulfur. Schneider 
^tam^ double compounds of the nature of thiosalis, having the general composition 

^.^**^*1 ^ siated that the free acid corresponding to the second type 

of thiosalt was oxidized on exposure to air. forming diplatinum Irisulfide, Pt.S,. This was a 

steel grey powder (density 5.52), which smoldered when it was heated in air, leaving a 
residue of metalUc platinum. ® 

With selenium and tellurium, platinum forms the compounds PtSe, and PiTe, which 
are very resistant towards acids. Like PtS„ they have the brucitc structure. 

PtS has a tetragonal structure in which the Pt atoms are arranged like the Zn atoms in 
zinc blende. Bach Pt atom is surrounded by four S atoms, each of which is equidistant from 
4 Pi atorrw = 2.32 A). The S atoms do not form tetrahedra about the metallic 

atoms, as in the ZnS structure, but are in square planar arrangement. This type of coordina¬ 
tion recurs frequently in the stereochemistry of platinum. 


(c) Chlorides 

Platinum forms four chlorides; their rangesofexistence weredetermined by Woh¬ 
ler in 1913. Platinum monochloride is only stable over a very narrow temperature 
range (from 581-583®, under i atm. pressure of chlorine). The stability range of 
platinum dichloride extends from 435-581", that oiplatinum trichloride from 370- 
435*’> platinum tetrachloride is only stable below 370®. 

(i) Platinum dichloride, PiClj, may be obtained by heating spongy platinum to about 
500® in chlorine, or (better) by the thermal 
decomposition of platinum tetrachloride or 
chloroplatinic acid. It is a greenish grey or 
brownish powder, (density 5.87), which is 
insoluble in water. It dissolves in hydrochloric 
acid, to form the complex acid H,[PtCl4], but 
the dissolution is accompanied by a certain 
decomposition into platinum and hexachloro- 
platinic acid. 

The most familiar salt of tetrachloroplati- 
num(II) acid is the potassium salt, K,[PtCl4] 

(potassium chloroplatinite), which is best ob¬ 
tained by boiling potassium hexachloroplati- 
nate with the theoretically necessary quantity 
of potassium oxalate. Potassium telrachloro- 
platinate(II) forms dark red, freely soluble 
tetragonal prisms. As was first proved by 
Dickinson (1922) from X ray studies, it has the 
structure represented in Fig 44; the [PtCl4]*- 
ions constitute square planar structural groups. 

K,[PdCl4] and (NH4),[PdCl4] have similar 

structures. The planar coordination of the four Cl atoms about the central Pt atom is 
noteworthy (cf. p 349). 

As was discovered by Schiitzenberger (1870), PtCl, adds on CO at moderate tempera¬ 
tures, forming the compounds [PtCI,(CO)], (m.p. 194®), fPtCl,(CO)t] (m.p. 142®), and 

[(PtCl,),(CO),] (m.p. 130®). It also forms very stable addition compounds with phosphorus 

trichloride, ammonia, and other anhydrobases (see below). 



Fig. 44. Crystal structure of K,[PtCl4]. 
The diagram shows one unit cell, a^ = 

6.99 A, Co = 4.13 A, Pt*-»C1 = 2.32 A.The 
Cl atoms belonging to one of the PtCl4 
groups, but located outside the unit cell 
shown, arc drawn with dotted lines. 
Compounds with the same structure are 
K,[PdCl4] (flj, = 7.04 A, Co = 4.10 A, 
Pd4-»C1 == 2.29 A) and (NH4)dPdCl4] 
(flo=7*2»A,Co=4.26A,Pd«-»Cl=2.35A). 
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(n) Platinum Utrachloride {platinum(IV) chloride), PtCl„ can most conveniently be ob- 
laincd by heating hcxachloroplatinic acid lo about 300° in chlorine. It forms a red-brown, 
slightly hygroscopic mass, which is readily soluble in water (and in acetone), but not very 
soluble in alcohol. It crystallizes from aqueous solutions with variable amounts of water of 
crystallization, depending upon the temperature. It is present in solution, not as a salt, but 
as the complex acid H,[PtCl^(OH),] (dihydroxotetrachloroplatinum(IV) acid), which can 
b<- isolated by heating the more heavily hydrated compounds to ioo“. When platinum te¬ 
trachloride is dissolved in hydrochloric acid, it forms hcxachloroplatinic acid (hexachloro- 
platinum(IV) acid), H,[PtCI,]. with considerable evolution of heat. 

I he other halides of platinum are very similar to the chlorides. The bromides decompose 
at lower temperatures than the chlorides, and the iodides arc still less stable (Wohler, 1925)* 
Both the free acid H, Ptl,) and the tetraiodide PtI* arc known, whereas the corresponding 
palladium compounc s have not been obtained. The greater stability of platinum in the 
tetrapositive state, as compared with palladium, is thereby exemplified. 


(d) Complex Compounds of Platinum 

A very large number of coordination compounds of platinum is known. Most of 
these can be assigned to one or other of a few simple structural types. 

SURVEY OF THE MOST IMPORTANT TYPES OF PLATINUM COMPLEXES 

V’alencc slate of platinum = II 
Acido-compounds M'jfPtX,] 

M«[PtX, Am] 

Platinum ammines [Pt AmJX, 

[PtR Am,]X 
[PtR, Am,] 

As shown in the summary table, dipositive platinum usually exercises the coor¬ 
dination number 4, and tetrapositive platinum has coordination number 6. 

The best known of the acido-compounds of platinum are the hexachloropla- 
tinates(IV), M',[PtCl,]. Treatment of these salts with caustic alkalis yields the 
hexahydroxoplatinates(IV), M',[Pt(OH)e] (golden yellow crystak) and hexa- 
hydroxoplatinic acid, H,[Pt{OH),], is thrown down as a white precipitate when 
acids are added to solutions of these salts. 

Among acido-compounds of +2 platinum, tctrachloroplatinates(II) have already been 
mentioned. The corresponding acid, H,[PtCl|] is conveniently obtained by reduction of 
hcxachloroplatinic acid solutions by means of sulfur dioxide. It cannot be isolated, and is 
known only in its dark red solution and as its salts. The cyanoplatinates described below, and 
other salts, are derived from complex acids of the same structural type. 

Complex compounds of ammonia and other nitrogen bases with platinum are 
known as platinum ammineSy and exist in very large number. Among those which 
have been longest known are the two Reiset*s chlorides, [Pt(NH,)4]Cl, and 
[PtCI,(NH3),]. The former is obtained by boiling a solution of tetrachloropla- 
tinum(II) acid with a large excess of ammonia. It crystallizes from solution in long 
colorless needles (with i molecule of water, which is expelled at 110®). When it is 
heated to 250®, 2NH3 are expelled, and it is converted into *Reiset*s second 
chloride’, a sulfur-yellow powder which is not very soluble in cold water, but 
soluble in hot, and which crystallizes in rhombohedra. A fresh solution gives no 
immediate precipitate with silver nitrate, indicating that the chlorine is complex- 
bound. 


Ill 

M'lPtX,] 

M',[PtOX,] 


IV 

M-.[PtX,] 

M',[PtO,X3] 

[Pt Ama]X4 
(PtR* Am^jX* 
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Isomeric with Reacts second chloride is ‘Peyrone's chloride’, which is obtained as a 

fin^!m/nr T ammonia is added to a cold solution of tetrachloropla- 

tmum(II) acid. This compound is more soluble in cold water than in hot. It also contains 
the chlorine bound m non-ionizcd form. The isomerism between this compound and 
Reiset s second chloride can be explained only on the hypothesis that the four ligands in 

compounds of this type are arranged about the central atom in a planar configuration. This 
makes it possible for cts-trans isomerism to occur. 


NH,-., 


Pt 


Cl 


NH 


'^Cl 


cis form 


NH3- ^CI 
Pt 

CI'^ NH, 
trans form 


Exhaustive investigations have proved the validity of this hypothesis, and both chemical 

ihrtTvfon^t the evidence of dipole moment determinations (Jensen, 1936) have shown 
that Feyrone $ chloride is the ctr-compound. 

Theoccu^ei^cofaf-/rflnjisomerism has also been proved forotherplatinum(II) complexes 

of the type [PtX, Am,] (e.g., the sulfinc derivatives, with Am = (C,H5),S, etc.), and also 
for complex canons involving two different ammines as ligands—e.g., fPt pyr,{NH3),]Cl„ 
(dipyndinediammineplatmum(II) chloride). Hantzsch showed cryoscopically, for ihe Iasi 
mentioned compound, that both forms were monomeric in phenol solution. Hence the 
Lsomensm cannot be attributed to polyrncrisTTi. 

Tht planar confi^ation of platinum(II) and palladium(II) compounds with coordination 
number 4 is very important, since with most elements of the Periodic System it is usual to 
hnd that four ligands are bound in a Ulrahedral arrangement about the central atom * 
Doubts cast upon the correctness of the hypothesis have been settled by very thorough 
studitt carried out between 1930 and 1940 by a number of workers [see especially a review 
by Mellor, Osteal Retnews, 33 {1943) 137], using both chemical evidence, arguments based 
upon optical enantiomorphism (Mills and Quibell, 1935; Drew, 1934), and physical 
measurements (dipole moments, Jensen)* For the acido-complexes and (PdCl4]*' 

( x^SC*CO\ 

I ) I » planar structure has been proved by complete X-ray investiga- 




dons (Cox, Dickinson). X-ray evidence also supports the hypothesis of planar arrangement 
in the ammines, but complete structure analyses have not been carried out. 

Many compounds are known which arise from the combination of platinum ammine 
cations with complex anions of platinum. An example is “Magnus’ green salt”, which has 
the same empirical formula as Reiset’s second chloride and Peyrone’s chloride, but is 
shown by its mode of formadon to be tetrainminepladnum(II) tctrachloro-piatinate(II), 
[Pt(NH3)4][PtCl4]. Yet another salt with the same empirit^ formula is [Pi(NH,)4) 
[PtClj(NH,)],. Magnus’ salt was described by Magnus in 1828, and was the first known 
ammonia complex. 


In addition to the ammines proper, there are many complex platinum com¬ 
pounds containing organic sulfides RjS, tertiary phosphines R,P, tertiary arsines 
R,As, etc.; these correspond closely to the ammines. 


The planar configuration is not restricted to Pd" and Pt“ alone. It has been proved to 
occur in complex compounds of Ni“, Cu“, Ag«, and Au“», and possibly Ru. The operation 
of purely electrostadc forces in complex formadon (cf. Vol. I,p.40i etseq.) necessarily results 
in a tetrahedral arrangement, with the highest possible spatial symmetry. Where covaUnt 
binding is responsible for complex formadon, four coplanar bonds can be formed only when 
the appropriate electronic orbits {dsfp hybrid orbits) are available for bond formation. 
Complexes with this steric arrangement are therefore formed in one section of the Periodic 
System only—namely in the transition series, by metals with incompletely filled d levels. See 
Vol. I, p. 406. 
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(e) Chloropladnic Acid and the Ghloroplatinates 

Chloroplatinic acid (hexachloropIatinuin(IV) acid), H2[PtCl,], is one of the 
most important platinum compounds. It is generally prepared by dissolving 
platinum in aqua regia, made up for this purpose with a high content of hydro¬ 
chloric acid, in order to minimize the formation of compounds of the nitrogen 
oxides (c.g., PtCI, ■ 2NOCI). The solution is evaporated to dryness with hydro¬ 
chloric acid several times, to destroy such compounds; it is desirable to pass 
chlorine in during evaporation, as partial reduction to tetrachloroplatinum(ll) 
acid often occurs. Pure hexachloroplatinic acid can be obtained directly by treating 
platinum sponge with hydrochloric acid containing chlorine. The acid crystallizes 
with 6HjO from its fine yellow solution, in brownish red deliquescent prisms of 
density 2.43. It is freely soluble in water, alcohol, and ether. Of its salts, M',[PtCle], 
the hexachloroplatinates, the ammonium salt, (NH4),[PtCl,], is the best known. 
It forms as a lemon yellow precipitate, when chloroplatinic acid is added to the 
solution of an ammonium salt, and consists of minute regular octahedra. It is 
sparingly soluble in water (0.67 g in 100 g at 15®); the solubility in water containing 
ammonium chloride is considerably smaller, and can be reduced practically to 
zero by the addition of alcohol. It is therefore a very suitable form in which to 
precipitate platinum,both in analysis and for preparative purposes. It decomposes 
completely when it is heated, leaving a residue of spongy platinum. The potassium 
salt, K.[PtCle], is isomorphous with ammonium chloroplatinate (for crystal 
structure, see Vol. I, p. 398), which it resembles in solubility. The sodium salt, 
however, crystallizes with 6 H, 0 , like the free acid, and is very soluble in both 
water and in alcohol. When silver nitrate is added to a solution of a chloro¬ 
platinate, the practically insoluble yellow silver salt, Ag,[PtCl4], is precipitated. 


(f) Cyanoplatinain(n) Acid and the Cyanoplatinates 

The potassium salt of tetracyQnoplatimm{II) acid, Hj[Pt(CN)4], is formed when 
platinum sponge is heated with potassium ferrocyanide, and crystallizes as the 
hydrate, K,[Pt(CN)4] • 3HgO, from the solution obtained by leaching the cooled 
melt. The salt was first prepared in this manner by Gmelin. Potassium tctracyano- 
platinate(II) forms yellow, pleochroic rhombic needles (appearing blue along the 
axial direction), of density 2.45. It is very soluble in hot water, but far less soluble 
in cold, and can therefore be recrystallized well. Barium UtracyanoplatinaU{n) 
(‘barium platinocyanide’), Ba[Pt(CN)4] • 4HgO, (which is also pleochroic) has 
the property of fluorescing brightly when it is exposed to X-rays or cathode rays. 
Fluorescent screens, consisting of a thin layer of barium tetracyanoplatinate 
coated on cardboard, are therefore often used to make visible the track of X-rays 
or cathode rays, and to show a visible image of objects undergoing radiographic 
examination. 

T€lracyanoplatinum{II) acid is also known in the free state. It is most simply obtained by the 
action of hydrogen sulfide on its silver or copper salts. It is a fairly strong dibasic acid. Its 
alkali and alkaline earth salts are soluble in water, and crystallize well. They do not evolve 
any hydrogen cyanide when they are treated with strong acids—an indication of the 
strongly complexed nature of the tetracyanoplatinate(ll) anion. 
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Platinum compounds are readily reduced to the metal, although less readilv 
than those of gold. The metal can be converted to chloroplatinic acid by 
ment with aqua regia and evaporation with hydrochloric acid, and from diis the 
sparingly soluble and characteristically crystalline ammonium chlorolt nat^i 
precipitated in yellow octahedra, on the addition of ammonium chloride 

dis“'fit¥h\^- of'---hloroplatinic acid, as .he 

with other sulfides which a^e soluble - (especially if mixed 

posed on the addition of acid. reagen ), orming ihio^salts which are decom- 

:ron™?darrbTu‘;™when1f/^^ ^ ""P -d-brown^XrXh 

a^d “ 

ignited a disr/^-Lr™^ 

dlnr 'ih ■‘POO'fio. and very sensitive. reLtion for pX 

deZm bhTerbv me reduction of molybdophosphoric acid (to molyb- 

is dfSrnZ determination of any one of Ihe platinum meuls, whL present alone, 

Zent whS^ dfoenZ"’ P,'““™ "'“'nally modify each other's reactions to an 

extent which depends upon the proportions present, so that when several or the whole 

group, are present together an exact analysis may present severe difficufL*. 


C. METAL CARBONYLS 

(a) General 

The compounds of carbon monoxide with the heavy metals (iron, cobalt nickel 
chromium, tungsten, rhenium, and some of the platinum metals), known generally ai 
wUU carbonyls, axe quite different in structure and constitution from those formed bv 
^rbon monoxide with the light metals such as potassium. Whereas ‘potassium carbonyl’ 

K- Y® ■ i! « feally a benzene derivative, the metal carbonyls are substances in 

which carbon monoxide is bound as such to the metak in question. They are therefore a 
^oup of compounds of particular interest in relation to valence theory Their technical 
importance has already been mentioned in connection with the most important of the 
group (pp. 289, 308). 

The metal carbonyls at present known are summarized in a systematic manner in 

♦ For a fuller discussion see Schoeller and Powell, Analysis of Mimrals and Ores of the 
Rarer Elements^ Griffin, London 1955. 
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TABLE 34 

SURVEY OF THE KNOWN METAL CARBONYLS, CARBONYL HYDRIDES, AND 

METAL CARBONYL HALIDES 

METAL CARBONYLS 


Mn 


I I 


Cr(CO), 
d = 1 . 77 - 

Colorless 
rhombic crysl. 
Sublimes readily 


Fc{CO)5 
d = 1.49. 
Yellow liq. 
m.p. —20® 
b.p. 103® 


[Mnj(CO),o]| [Fe,(CO),] 


Golden 


d = 2.09. 


monocl. Golden pseudo- 
cryst. hexag. cryst. 
m.p. 155® Decomp. 100® 


„Mo 

Mo(CO), 
d = 1.96. 
Colorless 
rhombic cryst. 
Sublimes readily 


I [Fe,(CO)a] 

; d = 2.00. 

I Green 
I monoclinic. 

I Decomp. 140' 


44RU 


i Ru(CO)5 
Colorless liq. 
m.p. —22® 



W(CO), 
d = 2.65. 
Colorless 
rhombic crysl. 
Sublimes readily 



[Ru,{CO ),3 

Orange 

monoclin. 

Sublimes 


[Ru,{CO)iJ 
Green needles 


wOs 


Os(CO), 


.Co 


Ni(CO)4 
d = 1.31. 
Liq., Colorless, 
m.p. —25® 
b.p. 43® 


[Co,(CO),] 
d= 1 . 73 - 
Orange 
crystals. 
M.p. 51® 

[Co4(CO),.] 

Black 

crystals. 

Decomp. 60® 


..Rh 



[Re,{CO)„] 1 

[Os,(CO),] 

[Ir,(GO),] 

Colorless 

Yellow cryst. 

Green yellow 

1 

1 

Sublimes 

cryst. Sublimes 


[Os,(CO)„] [Ir(CO),]x 

Canary yellow 
rhombohed. 

! cryst. 
Decomp. 210® 


Mononuclear, volatile compounds, readily soluble in organic solvents. The central atom 
in these compounds probably has an inert gas electronic configuration. 

Polynuclear compounds, either non-volatile or only slightly volatile, and generally 
insoluble or sparingly soluble in organic solvents. 













METAL CARBONYL HYDRIDES 




tiCr 

1 tsMn 

! fFe 

J 7 C 0 

1 Second 18 

First 18 
Period 

1 

1 

> 

1 

HMn(CO)s? 

1 H,Fc(CO)4 

1 m.p. —70° 

1 Colorless liq. | 

HCo(CO) 4 
m.p. —26.2° 
Yellow liq. 

' Period 

HRh(CO)4 

Yellow liq. 
m.p. —10° 
Only stable 
' in solid 

state 

3 a 

Period 


74 W 

1 

7 , 0 s 1 

77*r 

j 

' 

HRe(CO)s? 

H,Os(CO)4? 

' HIr(CO )4 


METAL CARBONYL HALOGEN AND CYANO-COMPOUNDS 


Mols. 

CO 

per 

atom 

metal 


5CO 


4CO 


3CO 


2CO 


I CO 


eo 




Mn 


Mn(CO)5X 


I 


Fe Fe(CO)jX, 


Fe(CO),X, 
IFe(CO)4en,I, 


Fc(CO),I, 
Fe(CO),I 
Fe(CO)^,I, 
Fe(CO),(CN),pyr 


Fe(CO)pyr,Ij 

M«,[Fe(CN) 5 (CO)] 



Pt(CO),X, 

[Pt(CO),(NH,)JCI, 


Pt|(CO),X4 

M«[PtX,(CO )3 

[PtCl(CO)(NH,),3Cl 


Pt,(CO),Cl4 


7»Au 


Au(co)a 


X = Cl, Br, I. 

A = o-phenylencdiamine, pyridine or ^phenanthroline. 
en = ethylenediamine. pyr = pyridine. 
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1 able 34- The pun meld carbonyls—\.c., compounds containing only one metal and car^n 
monoxide-are all derived from the metals of Sub-groups VI to VIII of the Penoe^tc 
System. The elements of the succeeding Sub-group (copper group) can combine with 
carbon monoxide only when present in the form of their compounds. Mi the metals of 
Groups VHI and IB ran form carbonyl halides or related compounds. So far as is now 
known, the metals of Group VI can form only pure metal carbonyls, and no other types of 
carbonyl compounds. In Sub-group VII, manganese, like rhenium, forms both the pure 
carbonyl and carbonyl halides. 


(b) Historical 

In iOH8, Langer. in Mond’s laboratory, attempted to free tcchnic^ly produced hydrogen 
from admixed carbon monoxide, by passing it over heated nickel in order to catalyze the 
reaction 2C(7 h COj. The resulting gas burned with a brightly luminous flame, and 

gave a rieposit of nickel, when it was heated. By cooling it he was able to condense out a 
litpiid which, from its analysis, appeared to be a compound of carbon monoxide with nickel, 
Ni(G())4. Ibe reaction was at once turned to practical account by Mond, as a means of 
pr. paring very pure nickel (p. 308). The search for similar compounds of related metals 
le<l to the discovery of iron pcntacarbonyl in 1891, simultaneously by Bcrthelot in Paris and 
b> Moiul and Quincke in London. .Attempts to prepare other metal carbonyls were not 
successful until the reaction of carbon monoxide with fihely divided metals was investigated 
at high pressures. By this means Mond, in 1908, obtained the carbonyls of cobalt and 
molybeh luim, and showed the existence of a ruthenium carbonyl, although the latter 
compound was first prepared in a pure state by Manchot in 1936. In 1926, Job obtained 
chromium carbonyl, Cr(CO)„ by the action of carbon monoxide on a mbeture of an¬ 
hydrous chromium chloride and phenyl magnesium bromide. He also prepared tungsten 
carbonyl, \V(CO)*, by the same method in 1928, although it was subsequently found 
(I.G. Farbcnindustric, 1931) that tungsten and molybdenum carbonyls could both be 
conveniently prepared directly from the metals by the high pressure synthesis. Iron carbonyl 
has been manufactured on a large scale since 1924. 

A considerable number of other metal carbonyls, and of compounds derived from them, 
has been discovered by Hicber (since 1928), who has devised new methods of preparation 
for the compounds and has made extensive investigations of their reactions. 


(c) Gonsdtutioii and Properties 

According to Hieber, the metal carbonyls can be divided into two groups, as shown in 
Table 34. Those of the first group can be vaporized without decomposition, and are 
readily soluble in inert organic solvents such as benzene, ether, chloroform, etc. They have 
molecular weights corresponding to their empiiical formulas. The carbonyls of the second 
group arc sparingly soluble or practically insoluble in indifferent organic solvents, and in 
most cases cannot be melted without decomposition. They arc all polynuclear compounds, 
as has been proved by determinations of the molecular weight of Fcj(CO)|„ Co,(CO)g, 
and Co4(CO)|,. 

The CO content of the compounds of the first group—i.e., the mononuclear carbonyls— 
is related in a systematic way to the position of the metal in the Periodic System. As was 
first pointed out by Sidgwick, the CO content could be explained if the pair of electrons 
on the carbon atom which are not involved in the C—O bond (the ‘lone pair’) are shared 
with the outer electrons of the metal atom to form a common electron system which, in 
every case, containsn 8 electrons. The ‘effective atomic number’ of the metal atom is thereby 
made up to the electron number of the succeeding inert gas. The physical properties of the 
compounds clc<:rly indicate that they arc covalent compounds, in harmony with this idea. 
In order to bring their outer levels up to a total of 18 electrons, Cr, Mo, and W need 
12 electrons, and therefore add on 6 molecules of CO. Fc and Ru, needing 10 electrons, 
combine with 5 CO, and Ni, needing 8 electrons, combines with 4CO. Co cannot form a 
mononuclear compound with CO, since it needs an odd number (9) electrons to bring the 
oute Icvelr up to 18 electrons; it therefore forms only polynuclear compounds. This view 
of the constitution of the carbonyls, according to which GO groups differing little from CO 
molecules are covalpntly bound to the metal atoms, is concordant not only with the compo- 
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sition of the compounds, but also with their physical properties and chemical behavior*. 

In the hcxacarbonyls of Cr, Mo, and \V, the crystal lattice in each case is built up from 
M(CO)e molecules, according to Hofmann (1935). In these, the metallic atom M is 
surrounded octahedrally by CO groups, which are probably so oriented that the C atoms 
are adjacent to the metal. The distances M «-♦ C accord with those expected for a single 
covalent bond. A regular arrangement of CO groups around the metal has been found in 
iron pentacarbonyl also, the configuration probably being that of a trigonal bipyramid. 
Iron enneacarbonyl, from the structure investigations of Brill {1927) and Powell and Ewens 
(1939), is built up from molecules of the following configuration: 


CO 

CO 

CO 

CO 

Fe CO 

Fe CO 

CO 

CO 

CO 


The so-called iron tetracarbonyl is trimcric, both in solution and in the crystalline state, 
but the structure of the Fe3(CO)j2 molecule has not been fully worked out. The CO groups 
in nickel carbonyl are arranged tetrahedrally around the nickel atom, as follows from the 
electron diffraction investigations of Brockway (1935) and from the analysis of the Raman 
and infrared spectra of the molecule. The Ni <-► C bond length (1.82 A) is rather shorter 
than the sum of the covalent radii of the atoms (2.01 A), and it is probable that the bond 
is intermediate between a single covalent bond of the type discussed above, and a double 
bond, Ni = C, involving the electrons of the uppermost level {d level) of the nickel atom. 
The diamagnetism of the metal carbonyls (Klemm, 1931) indicates that the electron levels 
in the central atoms form completed groups of high symmetry. 


(d) Chemical Behavior 

The chemical behavior of the metal carbonyls provides further evidence for the constitution 
considered. Their substitution reactions arc of particular interest. It has been shown that the 
CO groups in the carbonyls may be partially replaced both by neutral molecules (amines 
or alcohols) and by electronegative atoms or radicals (Hicber). 

If ncutr^ molecules are introduced in place of CO groups, such compounds are obtained 
as Mo(CO)jAm5; Fc,(CO)4Am3; Co,(CO)5Am4; Ni,(CO)jAm, (Am = NH, or organic 
amine, especially pyridine and o-phenanthroline). These are notable in that they contain 
nothing but neutral ligands bound to the metallic atoms, and have therefore been called by 
Hicber ‘pure coordination compounds’. Examples of alcohol compounds of this kind are 
Fe(CO),(CH,OH). Fe,(C0)4(C,H40H), and Co,(CO)5(CH,OH). Provided that oxygen 
and moisture are rigorously excluded, these may be relatively easily obtained, by warming 
Fe,(CO),, or Cot(CO)4 with methanol or ethanol. The compound Fe(CO)5(CH,OH) is 
monomeric in solution, both in water and in benzene, whereas when Fc,(C0)4(C3H50H) 
is dissolved in water it decomposes into Fe(CO)j (which is known only in solution) and 
Fc(C 0 )j(CjH 60 H). Both the amine-substituted and the alcohol-substituted carbonyls are 
decomposed by acids, in such a way that a portion of the clcctroneutral iron is oxidized by 
H+ ions to Fe*^ ions. Thus: 

6Fe(CO)3pyr -b 12H+ = Fe,(CO)jj -f- 3Fe+''‘ -f 3H, -f SCO -f- 6[pyrH]+ (i) 
4Fe(C0)3(CH30H) + 2H+ = Fe3(CO)i, + Fe++ -f- H, + 4CH30H. (2) 

Oxidation by the atmosphere follows a similar course: 

4Fe(C0)3(CH30H) + iO, = Fe3(CO),3 + FeO + 4CH,OH. {3) 

♦ Evidence based on bond lengths and on the infrared and Raman vibrational 
spectra of the carbonyls indicates that this hypothesis is only appro^mately correct. In 
addition to the purely coordinate covalent bond M *«- C= 0 , there is a certain measure 
of double bond character, which may be represented as M=C=- 0 . This becomes of in¬ 
creasing importance in the sequence Cr -► Fe -► Ni. 
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Substitution oi halogens for CO groups leads to compounds which arc substantially of the 
same type as those produced by introduction of neutral ligands. In the metal carbonyl 
halides, the halogen atoms are bound directly to the metal atoms, and arc strongly polar¬ 
ized, whereas in most complex metallic halides—e.g., [Fe(NH3)e]Xj—the metal-halogen 
binding is almost purely ionic, with very little polarization. Hiebcr (1934) concluded from 
measurements of the lattice energies that in the metal carbonyl halides the metal-halogen 
binding is similar to that in the anhydrous halides of the same metab—i.e., strongly 
polarized, and approximating a covalent bond. Klemm (1931) found that the metal 
carbonyl halides, like the metal carbonyls, were diamagnetic, indicating completed, 
symmetrical electron configurations. There b a difference between the binding of the 
halogen atoms and the CO groups, in that the free halogen atom contains an electron with 
unpaired spin, which can form an electron pair bond with one electron from the leveb of 
the metallic atom. Even although the bond approximates a pure covalence, it is permissible 
to consider that there is a mutual polarity between metal atom and halogen atom in the 
carbonyl halides in the same way as there is in the simple halides from which they are 
derived—e.g., Felj. Examples of metal carbonyl halides arc 

Fc(CO),l3 Fe(CO),(pyr),l3 

Fc(CO)4Brj Fe(CO) (pyr)*!,. 

1 hese may be regarded equally well as substitution products of iron penlacarbonyl or as 
addition compounds of iron(ll) halides, and their mode of formation accorcb with either 
viewpoint. They can be made either by the action of halogens on the metal carbonyls, or 
by the action of CO (under pressure) on metallic halides. 

Hiebcr (1940) found that the thermal decomposition of Fc(CO)4lj, in which the iron is 
dipositivc, yielded the compounds Fe“{CO)2l„ Fc‘(CO)|I and Fc‘I. The existence of the 
two latter compounds is of particular interest in that they contain mipositive iron. This 
oxidation state has not been observed in any other compounds except the so-called Roussin 
salts. 


(e) Metal Carbonyl Hydrides 

Carbon monoxide in metallic carbonyls is much more readily oxidized than it is in the 
free state. If it is oxidized (in the absence of air) by hydroxyl ions, the CO which is split off 
by oxidation to CO,” is replaced by hydrogen, and metal carbonyl hydrides are obtained— 
e.g., iron carbonyl hydride, by the reaction 

Fc(CO) 5 + 2OH' = H3Fe(CO)4 + CO^ (4) 

Cobalt carbonyl hydride, HCo(CO)4, has been obtained in an analogous manner by the 
action of OH~ ions on CO|(CO)e. It is also possible for the oxidation of the central metallic 
atom by H+ ions to take place in such a way that metal carbonyl hydride is formed*. 


Thus (A = alcohol or amine): 

2Fe(CO)3A + = H,Fe(CO)4 + Fe++ + 2CO + 2A (5) 

Co,(CO)4A + 2H+ = HCo(CO) 4 + Co++ + iH, + CO + A (6) 

The metal carbonyl hydrides are very unstable compounds, and undergo decomposition, 
with loss of hydrogen, at temperatures above —20*: 

2H3Fc(CO) 4 = 2H3 + [Fc(CO),], + Fc(CO)s (7) 

2 HCo(CO)4 = H, + Co,(CO)b (8 ) 


In their physical properties, they are intermediate between iron pentacarbonyl and nickel 
carbonyl. Thus, in the series Fe(CO)5 — H,Fe(CO)4 — HCo(CO)4 — Ni(CO)4 there is a 
continuous decrease in the dipolar character of the molecules. It must be concluded that 
hydrogen in these compounds is also covalently bound. It has also been shown (Ewens and 

• It is not uncommon for reactions of type (i) and type (5) to occur concurrently. 
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Lister, 1939) that iron and cobalt carbonyl hydrides have a tetrahedral molecular configu¬ 
ration, and they can be regarded as ‘pseudo-nickel carbonyls’, although their complete 

molecular s^ucture (and especially the precise mode of binding of the hvdrogen^ has not 
been worked out. o . 


In other r«pec^, there are relations between the metal carbonyl hydrides and the 
volatile hydrides of the Mam Groups of the Periodic System, which also have completed 
^ symmetr>-, in which the hydrogen nuclei are ‘embedded’ (cf Vol I 

p. 788). This relationship is shown, c.g., by the ability to form salts. Thus- 


2HjFe(CO)^ + tNiiNHjle]"^ + 2NH3 = [Ni(NH3),][HFc(CO),]3 + 2NH/. 

True salts of this kind arc usually formed only with complex cations. However, by reaction 
of metal carbonyls or metal carbonyl halides with alkali metals dissolved in liquid ammonia 
one can obtain alkali metal salts ol the metal carbonyl hydrides, as Behrens (1952) has 
shown. The metal carbonyl hydrides can be liberated from their salts by treatment with 

A carbonyl hydride, the hydrogen of which cannot be replaced by metals or by positive 
complex groups, is nickel carbonyl hydride, (Ni(CO)3H]j, which was obtained by Behrens by 
the reaction: 


Ni(CO)^ + Na + NH, = NaNH, + CO + i[Ni(CO)3H]j. 

This substance dissolves in liquid ammonia to give a deep-red solution and forms a ver¬ 
milion ammoniate. [Ni(CO)3H], • 4NH3, from which the ammonia is easily split off. 
Nickel carbonyl hydride is decomposed by acids with the liberation of hydrogen: 

2[Ni(CO),H], -f- 2H+ = 3Ni(CO), + + 3Hj. 

That the compound is a dimer is shown from its molecular weight, which was determined 
from the vapor pressure lowering caused in liquid ammonia. In the Ni(CO)3H radical the 
nickel is surrounded by the same number of electrons as cobalt in the Co(CO)4 radical.- 
Therefore, the dimerization of the former is to be expected on the same grounds as that of 
the latter. 

The metal carbonyl hydrides more usually give rise to metallic derivatives which have 
the character of non-electrolytes. These are formed, for example, with the ammoniates of 
metals such as Zn, Cd, Cu, and Ag, which have an especially great tendency to form 
covalent bonds. Examples are—Fc(CO)4Zn(NH3)3 (colorless prisms), Fe(CO)4Cd(NH3)j 
(colorless prisms), Fe(CO)4Cu,'NH3), (yellow needles). It can probably be assumed that 
in these compounds, the metal atoms which replace the hydrogen of the carbonyl hydride 
are covalently bound to CO groups (Hieber). In accordance with this idea, they contain 
less ammonia* than could be bound by the same metallic atoms in ionic form. 

The so-called mixed metallic carbonyls can also be regarded as derivatives of the metal 
carbonyl hydrides. E.g., 

2HCo(CO) 4 + HgCl, = Hg[Co(CO)4]2 + aHCI 

Fe{CO)4Cd(NH,), =’ Fe{CO)4Cd + 2NH3 

Fe(CO)5 + HgS 04 -f H ,0 = Fe{CO)4Hg + H.SO, + CO* 

(Hock and Stuhlmann). The cobalt compounds can also be prepared directly from their 
components by high pressure synthesis. Mixed carbonyl compounds of iron containing the 
metals of Groups IIIA and IVA can also be prepared, as well as those of the Group IIB 
metals (Hieber). The mixed carbonyls of iron are insoluble and cannot be sublimed, 
whereas those of cobalt can be sublimed in a current of CO, and are soluble in inert organic 
solvents. It may be assumed that the bonds between the metal atoms and CO groups in 
these compounds are covalences. 

♦ Oi^anic amines, such as pyridine, or o-phenanthroHne, may be present in place of 
ammonia. 
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(f) Metal Nitrosyl Carbonyls and Metal Nitrosyls 

CO groups in the metal carbonyls may also be replaced by NO groups. The resulting 
compounds arc also of interest in relation to valence theory. It is probable that nitric o^dc 
is present in these substances in a form which is isosteric with CO, i.e., as an electropositive 
NO^ group, bound by a coordinate covalent bond (cf. p. 296). Since each NO group there¬ 
by gives up one electron to the metal atom, fewer NO groups than CO groups arc needed 
in order that the central metal atom shall acquire the stable electronic configuration found 
in this class of compound. Thus the nitrosocarbonyl Fc(NO),(CO)j (Anderson, 1932) 
corresponds to the carbonyl Fc{CO)j, and for the same reason the CoCCO)^ radical can be 
stabilized either by the addition of i H or by the exchange of one CO group for an NO group, 
giving Co(NO) (CO),. The compounds Co(NO) (CO), and Fe(NO),(CO), arc red, volatile 
liquids. It has been shown that their molecules have a tetrahedral configuration, with CO 
and NO groups of similar dimensions (Brockway and Anderson, 1938), and like the metal 
carbonyl hydrides, they may be considered as 'pseudo-nickel carbonyls’. In the metal 
nitrosyl carbonyls, only the CO groups (and not the NO groups) can be replaced by amines 
or other ligands. Hiebcr has pointed out that this is to be expected from the assumptions 
made above as to the metal-NO binding, which should be stronger than the coordinate 
covalence between metal and CO groups. 

The constitution of the pure metal ni/roryh, which exist only in the solid state, is as yet 
unknown. Examples of these substances arc iron tetranitrosyl, Fe(NO)4, and ruthenium 
nitrosyl (p. 327). 

(g) Formation and Preparation of Metal Carbonyls 

In addition to the direct combination of metals with carbon monoxide, several methods 
are now known whereby metal carbonyls may be formed, and some of these arc important 
as preparative methods. In some cases, Job’s method, involving the use of Grignard re¬ 
agents, may be used. It is considered by Hiebcr (1935) that unstable organo-metallic 
carbonyls arc thereby formed as intermediate products, and that these decompose in acid 
solution to give the pure carbonyls 

3Cr(CO),R4 + 6H+ = Cr(CO), + 2Cr+++ + 12R -f 3H, 

(R = organic radical). It has not hitherto been possible to prepare chromium hexacarbonyl 
by any other method. 

The metal carbonyl halides may often more readily be prepared from their components 
(metal halide + carbon monoxide) than the metal carbonyls themselves. By the action of 
suitable metals (copper or silver) it is possible to abstract the halogen from these substances, 
and thus obtain the pure metal carbonyls. Manchot (1936) obtained ruthenium carbonyl 
in this way: 

CO under pr«.. RuI^(CO), ^ Ru(CO),. 

The action of carbon monoxide under pressure on the halides of carbonyl-forming metals 
is often a convenient method of obtaining metal carbonyls in other cases also, as Hieber has 
shown. Thus the iridium carbonyb mentioned on p. 337, and the rhodium carbonyls and 
rhodium carbonyl hydride listed in Table 34, were obtained by Hieber in this manner. 

Other methods involve the reactions of sulfur compounds. Thus Manchot first observed 
that Ni(CO)4 can readily be obtained by the action of CO on a suspension of NiS in alkali 
hydroxide solution. It has, in fact, been observed quite generally that the reaction of carbon 
monoxide with the carbonyl-forming metals is promoted by the presence of sulfides. 

Finally, it has been shown that in salts of the type of [Ni(NH,)4][HFc(CO)4}j, the NH, 
can be smoothly replaced by CO. In the instance cited, Ni(CO)4 is obtained, while the 
[HFe(CO)4] radical undergoes disproportionation into H,Fe(CO)4 and [Fe(CO)4],. If 
the same reaction is applied to the compound [Co(NH,)4][HFe(CO) J,, cobalt carbonyl 
hydride is obtained, one half of the hydrogen migrating to the cobalt atom: 

[Co(NH,).][HFe(CO)4], + 4CO = [Co(CO)4][HFe(CO)4], + 6 NH, 

2[Co(CO)4][HFe(CO)4], = 2HCo(CO)4 + H,Fc(CO)4 + [Fc(CO)4],. 
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CHAPTER 8 


FIRST SUB-GROUP OF THE PERIODIC SYSTEM: 

COPPER, SILVER, AND GOLD 


Atomic 

numbers 

Elements 

Symbols 

Atomic 

weights 

Densities 

Melting 

points 

Boiling 

points 

Specific 

heats 

Valence 

States 

29 

Copper 

Cu 

63-54 

8.92 

1083° 

2350'’ 

0.0916 

I, 11 , III 

47 

Silver 

Ag 

107.880 

10.50 

960.5* 

1980* 

0.0556 

I, II, III 

79 

Gold 

Au 

197.0 

> 9-3 

1063* 

2700* 

0.0313 

I,III,IV 


I. Introduction 


(a) General 

The elements of Sub-group I, copper^ silver and gold follow immediately after 
the right hand column of Sub-group VIII (nickel, palladium, and platinum). 
In many ways they rather resemble these preceding elements. However, they have 
many properties which also reveal an inner relation to the elements of the first 
Main Group, the alkali metals. Like the latter, they can function as unipositive in 
their compounds. However, whereas the alkali metals are exclusively unipositive, 
the elements of the first Sub-group, (the copper group), and especially copper and 
gold*, can also form compounds in higher valence states—copper chiefly in the 
dipositive, and gold chiefly in the tripositive state. In fact, in general the -4-2 state 
of copper and the -|-3 state of gold are the preferred states in salt-like compounds. 

The compounds in which copper, silver, and gold are unipositive are not strictly 
analogous in properties to the alkali compounds, but mostly differ strongly from 
these. The compounds of +1 copper and gold are ail either very insoluble, as for 
example the chlorides CuCl and AuCl, or are strongly complexed. Most com¬ 
pounds of the alkali metals are readily soluble, are stable, and highly dissociated in 
aqueous solution, and these elements are, therefore, almost always present as free 
elementary ions. By contrast, copper and gold in the unipositive state are only 
present in vanishingly small amounts as elementary ions in solutions. Unipositive 
silver resembles -f-i copper and gold in its insoluble and complex compounds. 
However, it can also form some soluble salts of a non-complex nature. Many of 
these, e.g., the nitrate and the sulfate, are isomorphous with the corresponding 
sodium salts. 

The elements of Main Group I and Sub-group I stand in marked contrast with 
each other in their electrochemical character. Whereas the free alkali metals arc 

* For compounds of dipositive and tripositive silver see p. 407-8. 
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among ‘he most active of the elements, the metals of the fitst Sub-group are noble 

metaK The alkali metals stand at the top, copper, silver and gold at the bottom, of the 
electTOchemxcal potential series. 

The alkali 10ns have the smallest tendency for complex formation of all the 
elementary ions Copper, silver, and gold, on the other hand are marked complex 
lormcrSj in all the valence states in which they occur. 

The oxides of the alkali metals combine avidly with water, forming strongly 
basic hydroxides, which are very soluble, with great evolution of heat. The oxides 
of copper, Sliver, and gold have a very low solubility in water. The hydroxides of 
the copper group, present in extremely low concentration in the solutions, display 
a more or less marked amphoteric character. 

The alkali metals are typical light metals, whereas copper, silver, and gold are 
typical heavy metals. 

The alkaU metals have a great affinity for oxygen. Copper, silver, and gold, 

1 e the metals of the Vlllth Sub-group, have a strong tendency to combine with 
sulfur. 


The alkali s^ts are all colorless (unless they contain colored acid radicals). Some of the 

salts of unipositive copper, silver, and gold are colorless; many of them are weakly, but 

charactcrmically, colored. In the salts with colored acid radicals, a distinct deepening of 

color IS often to be observed. Nearly all the salts of -1-2 copper display definite colors, 

mostly blue or greenish. Salts derived from -|- 3 gold are also colored, although more weakly 

So. 


The analogy between the metals of the Main Group and Sub-group of the first 

family is shown much more strongly in the optical spectrum than in chemical 
behavior. 

In the arc spectra of the metals of the copper group, as in those of the alkali metals, the p 
and d terms occur doubled, i.e., lines formed by means of these terms, when examined with 
sufficienUy strong dispersion, are found to be doublets, like, e.g., the yellow sodium-line 
(cf. Vol. I, p. 171). As in the spectra of the alkali metals, the ground term in the spectra of 
copper, silver, and gold, that is the numerically largest term, is an s term. According to 
what was said on page 117, Vol. I, this means that the outermost electron is bound in an 
orbit with the subsidiary quantum number / = o. Like the atoms of the alkali metals, those 
of the metals of the first Sub-group contain only one electron bound in this way. The uni- 
valcncc of the elements can be explained in this manner, although, for reasons discusse ’ 
below, they also have the ability to exercise higher valences. The ionization potentials, 
calculated from the absorption series limits and in some cases measured directly (cf. Vol. I, 
p. 115, Table 22) show that the electrons are considerably more strongly bound than in the 
alkali metal atoms. This explains to some extent why the copper group metals are consi¬ 
derably more noble than the alkali metals. In addition, the very high heats of evaporation 
of the metals of the copper group, as compared with those of the alkali metak, (calculated 
from the high boiling points by means of Trouton’s rule) arc important in determining 
their noble character, (cf. the summary table at the beginning of this chapter, and Vol. I, 
P- * 49 )- 

The electronic configurations in the free atoms, as deduced from the Bohr theory, are 
shown in Table 35. 

It can be seen from this that the metals of the copper group differ from the alkali metals 
in that the outermost shell, with its single s electron, docs not immediately follow a core 
having the inert gas configuration (i.e., with two s and six p electrons). Instead there b a 
shell containing ten d electrons (sul^idiary quantum number / — 2). The electrons in thb 
shell are considerably more loosely bound than in the inert gas shell. Thb is shown by the 
fact that atoms of lower atomic number cannot build up thb shell by accepting electrons, 
thereby converting the atom into a free negative ion. More direct evidence is provided by 
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TABLE 35 

ELECTRONIC CONFIGURATION IN THE ATOMS OF COPPER, SILVER, AND COLD 

(I'hc numbers indicate the number of electrons in the various energy states, in the ground 

state of the atom) 


Energy 

states 

as 

ip 

3 * 

zp 

3 *^ 

41 

AP 

4/ 

4 / 

5 ^ 

hp 

5 (/ 6j 

Copper 2 

a 

6 

2 

6 

10 

1 







Silver 2 

a 

6 

2 

6 

10 

2 

6 

10 


1 



Gold 2 

a 

6 

2 

6 

10 

2 

6 

10 

H 

2 

6 

10 1 


the spectra of copper, silver, and gold, which involve other terms, in addition to the alkali¬ 
like terms. These arise from the fact that when the atoms are excited to emit light, not only 
the most loosely bound electron, but also one or more of the ten d electrons can be in an 
excited state. These term systems are much more prominent for copper and for gold than 
for silver, with which the corresponding lines arc less numerous and of lower intensity. The 
comparatively loose binding of the d electrons, which manifests itself in the occurrence of 
these term systems, makes possible the loss of more than one electron from the atomic 
structure of the elements of the copper group. The considerably more marked tendency 
of copper and gold to be multivalent as compared with silver, is thus in complete accord 
with the spectral behavior. The atom models deduced from the spectra very satisfactorily 
express not only the similarity between the elements of the Main Group and the Sub-group 
of the first family, but also, on closer examination, the contrast in behavior which is so 
apparent in their chemical properties. 

Some physical constants of the elements of the copper group are set out for comparison 
in Table 36. 


TABLE 36 

MOST IMPORTANT PHYSICAL CONSTANTS OF ELEMENTS OF THE COPPER OROUP 



Specific 

electrical 

conductivity 

Thermal 
conductivity 
at 18® 

cal/cm sec deg. 

Atomic 

heat, 

cal 

Heat of fusion 
(at the m.p.) 

Heat of 
sublimation 
at o®K (kcal 
per g-atom) 

Copper 

57.2 • 10* 

0.989 

5.82 

42 cal/g 2.65 kcal/g-atom 

81.2 

Silver 

61.4 • 10* 

1.006 

6.01 

23 2.66 

68.0 

Gold 

41-3 ‘ >0* 

0.700 

6.17 

16 3.16 

about 92 


Copper, silver and gold are diamagnetic. Their atomic magnetic susceptibilities at room 
temperature are -5.4* io“*,-a2* lO"*, and-27.3 • io~*, respectively. 

The metals of the copper group crystallize with the face-centered cubic structure (Vol. L, 
p. a 10, Fig. 46) and not, like the alkali metals, with the body-centered cubic structure. The 
edge lengths of the unit cells at ao® arc a = 3.6075 A for Cu, 4.0774 A for Ag, 4.0700 A 
for Au. The apparent atomic and ionic radii of copper, silver and gold arc collected in 
Table 37. Whereas silver and gold form mixed crystals with one another in all proportions, 
as also do copper and gold, copper and silver are capable of mixed crystal fonnatlon only 
in very restricted proportions (see pp. 11 and 16). 

The occurrence of the superstructure phases discussed on page 13 et seg. was first observed 
in the copper-gold mixed crystal series. According to the results of X-ray structure deter¬ 
minations, an ordered arrangement of the atoms in the crystal lattice normally occurs at 
ordinary temperature in the neighborhood of the compositions GuAu and Gu^Au; at tem¬ 
peratures above about 385® the arrangement is diso^ered. If alloys of the composition 
Cu Au or CujAu arc allowed to cool slowly from temperatures above 385®, or if the rapidly 
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FABLE 37 


APPARENT ATOMIC AND 
(Ionic radii in 


IONIC RADII OF ELEMENTS OF SUB-GROUP 
this (able are those of the univalent ions) 


I IN A 


Copper 


Sil 


ver 


Gold 


Atomic radius 
Ionic radius 


1.27 

about 1.0 


1.442 1.441 

1.13 — 


cooled alloys are annealed for a long time (c.g.. at 370®), so that they can attain the arrange¬ 
ment stable at low temperatures, these alloys furnish diffraction patterns characteristic of 
an ordered atomic arrangement. These show that with alloys of the composition CujAu. 
the corners of the unit cube (cf. \'ol. I. p. 210, Fig. 4b) are all occupied by gold atoms and all 
the face centers by copper atoms. For alloys of the composition CuAu. X-ray analysis shows 
that the corners of the unit cube and also the centers of two opposite faces are occupied by 
gold atoms, the remaining face centers being occupied by copper atoms (Borclius, 1925-28). 
Copper-gold alloys cooled slowly, or annealed below 385"^, give sharp peaks at the same com¬ 
position in the curves representing the dependence of electrical conductivity upon the pro¬ 
portions of the alloy components (Kurnakow, 1916). Alloys cooled rapidly, or heated above 
385® and then quenched, do not show these phenomena. They give the diffraction pattern 
characteristic of the ordinary’ facc-centered cubic lattice, and of mixed crystals with com¬ 
pletely random distribution of the atoms. According to Kurnakow the transformation at 
385 is also shown by a halt in the cooling curve in the case of the alloy corresponding in 
composition to Cu.Au. 


TABLE 38 

SOLUBILITIES OF SOME COMPOUNDS OF COPPER, SILVER, AND GOLD 

(in moles per liter at room temperature) 



Copper(I) 

Silvcr(I) 

Goid(I) 

Copper(II) 

GoId(III) 

Chloride 

Oxide 

Sulfide 

1 . 1 • I0“* 
almost insol. 

3.1 • 10“’ 

1 . 31 • I0“* 
1.08 • IO~^ 
1.8 • 10-" 

dccomp. 
ca. 2 • io“** 

< 10-’ 

very sol. 

6.8 • io*‘ 
3-5 • ‘O'’ 

very sol. 
almost insol. 
decomp. 


In consequence of their smaller atomic radii, the ions of the metals of Sub-group I exert 
a considerably stronger polarizing effect than do the alkali ions. Their compounds with 
negative ions, in the anhydrous state, therefore have a much less marked salt-like character 
than the corresponding alkali compounds. Many of them approximate covalent compounds 
in properties and behavior, and should indeed probably be regarded as purely covalent 
(cf. p. 381). On the basis of the Heitler-London theory (cf. Vol. I, p. 131 cf seq.) it would be 
expected that these metals should always be univalent in purely covalent compounds. This 
conclusion needs to be modified, however, since the presence of electrons in available d 
levels presents the further possibility of forming covalent bonds from hybridized d-s~p wave 
functions (see Vol. I, Chap.5and 11).This is in fact, found to takeplacc with gold especially. 
The organometallic compounds of gold are mostly derived from trivalent gold (e.g., 
[(CjHj)jAuBr]|). They have the properties of typical covalent compounds, and it has 
been shown by X-ray structure analysis that in all such compounds the gold lies at the 
center of a square planar arrangement of attached groups. It may be inferred that the wave 
functions used in forming the covalences are not only the 6 t wave function, as might be 
inferred from the simple Heitler-London theory, but a set o(d*sp or dsp* hybrid wave functions. 

The volatile hydrides CuH, AgH, and AuH, which arc formed in minute amounts at 
high temperatures as has been detected spectrographically, are probably to be regarded as 
pure covalent compounds. The formation of gold hydride is also shown by the observation 
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TABLE 

MISCIBILITY AND COMPOUND FORMATION BETWEEN THE METALS 

(Meaning of symbols 



Li 

Na 

Bp 

: Mg 

Ca 

Sr 

' Ba 

1 ® 

A 1 

i Ga 

1 

In 

( 


. j 

1 

s 0 

alloys 

j J < 00 

t - 

S > 0 

( 

J < 00 

1 

> 

1 

alloys 

1 

1 

^ lig 0 
s 0 

4 

; / < 00 

1 

1 

\ S < 00 

1 

3 < 00 

Cu 

1 

1 

0 

1 

0 

BcjCu 

120O' 

BeCu 

1 

1 

1 

1 MgtCu 
: 5^8’ 

i MgCui 

CuiCa 

j 933' 
:CuCa,[]? 

| 8 o' 

! 

1 

1 

0 

Al|Cu* 

i 590 * 

AlCu* 

6a6° 

Al.Cu^* 

1016^ 

AlCuj 

1047® 

GaCuo.0* 

749 ^ 

GaCu,.,* 

467° 

Ga,Cu, 

837* 

GaCu,* 

909 ’ 

InCu,., 

3 J 0 * 

InCu,?*; 

671° j 

InCu, * 1 
883* 1 

In,Cu,? i 
685° 1 

InCu, 
715’ 

- —'1 

1 

1 

j 

i 

S 0 

1 

s 0 

J < 00 

1 3 < 00 

1 

1 ^ ^ 

S 0 

liq < 00 

so ? 

liq ^ 0 
s 0 

3 < 00 

J < 00 

3 < 00 

1 

1 

1 

1 

L'jAgj 

4 JO' 

LiAg ' 

1 

1 

0 

i 

1 ^ 

BcjAg* 

960- 

1 

1 MgjAg* 

, 49 J* 

MgAg 

i 820’ 

1 

1 

1 

1 

1 

Ca,Ag? 

553° 

CaAg 

663' 

CaAg,* 

595" 

CaAgj 

CaAg.* 

663' 

SfjAg, 

666° 

SrAg 

680° 

SrjAg, 

737° 

SrAg, 

781° 

1 

1 

j 

Ba,Ag? 

584* 

Ba,Ag,? 

585° 

Ba,Ag, 

846" 

Ba^Ag,* 

79 >* 

BaAgi 

7 ^ 9 ^ 

0 

1 

! 

Al,Ag,* 

698° 

AlAg,* 

778 ° 

AlAg,* 

77 J* 

Ga,Ag,?* 

3 a 6 ° ^ 

Ga,Ag 5 * 

6 f 9 ® 

CaAg, 

3 inter- ' 
metallic 
phases 

1 


alloys 

S 0 

; ~ 0 

s> 0 

J > 0 

1 ^ 


— 

S > 0 

J > 0 

3 > 0 

Au 1 

com¬ 

pound 

1 

1 

Na,Au 

1 NaAu) 
990* 

K 

' 

S 0 

1 

1 

KAu, 

KAu 4 

BcjAu 

BcjAu 

BeAu 

730* 

BeAu,* 

645’ 

1 

1 

1 

$ 

1 

Mg,Au 

830* 

iWgjAuJ? 

796* 

Mg,Au 

MgAu 

IIJO* 

! Ca,Au* 
798' 

Ca^Au,* 

849* 

CaAu 

1014* 

CaAu, 

864’ 

CaAu,* 

853‘ 

CaAu, 

88o‘ 

t 

1 

Ba,Au, 

BaAu, 

i 

1 

Al,Au 

1060° 

AlAu* 

625° 

AlAu, 

634* 

Al,Au,?* 

AlAu,* 

Ga,Au 

49»* 

GaAu 

468° 

GaAu,.,[] 

s 66 ’ 

GaAu,.,* 

33 «' 

Au,In* 

847’ 

Aujin* 

48r 

Aujin,* 

4fl4‘ 

Auln 

506* 

Auln, 

344* 


of Farkas (1929), that gold volatilizes substantially more rapidly when heated to 1400® in a 
stream of hydrogen than in N, or He. Silver behaves similarly, but the effect is less marked. 

The solid hydrides (cf. pp. 383,395, and 411.), obtained by the action of atomic hydrogen 
on Cu, Ag, or Au, are probably salt-like in nature. In contrast to the gaseous hydrides, which 
can exist at low concentration in equilibrium with the metal and H, at high temperatures, 
they are unstable (metastable at ordinary temperature). Of the solid hydrides, the silver 
compound seems to be the most stable, whereas gold hydride is the most stable of the 
volatile hydrides. 

Table 38 summarizes the solubilities of some compounds of copper, silver and gold. 
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OF SUB-GROUP I AND THE ELEMENTS OF THE MAIN CROUPS 
as in Table 9, p. 49) 


lig < ooj 


j < 00 I j < 00 s < 00 lig < oolig <00 s> o s > o ^ s ^ 0 lig < 00 lig < 00 lig <, 00 

_ _j > 0 i f > 0 _ j 0 , j 0 so 

o jCuSio.,,* Cu4Ge? Cu,Sn* o | Cu,P j Cu,As Cu,Sb,[], 0 Cu,S < Cu,Sc CujTc* 

1 'o<8’ I 835* , 460' i : 1130* : 1113* 623* 


CujSi[] j CujGc*, CujiSng 

726* 700* 

CuSij.jj CujSn 


CuSij.jj 

824“ 

Cu,jSi4[] 

610* 

Cu,Si 

859* 


•018’ J 835* , 469' 

CuP* 'CujAs*?* CujSb 

710* ' 601* 

' CujSb* 
I I 585 ‘ 


1130* , 1113* 623’ 

CuS ; CuSc CujTe 

unstable 853* 

CujSe, 


CugSnj* 


I ; ^ > 0 t/iy < 001 s> 0 s < 00 \ s > 0 \lig < 00 lig < 00 lig < 00 


AggSn* 

724* 

AgjSn* 

480* 



J o I _ 1 

AgjP AggAs?* AgSbi,.,,*! 0 

unstab.; 595‘ 362 * 

AgP, 1 Ag,Sb* 

705* 

AgtP* 

UDStab.: 

AgP, 


S Of 


s 0 alloys 
AugAs? 

AU|Pt AugAs,? 

’ AuAs? 


s 0 
AuSb,* 

460* 


S O' 


Ag»S AgjSe Ag«Te 

unstable 

Ag,Te 
958* 

AgaTe,* 
465' 

AgTe 
unstable 


s> 0 I — — 

I 

AujBi Au,S AujSe, 

S73* ; * 

I AuS 

AugSg j 


AuTcj 

464* 


(b) Alloys 

The metals of the first Sub-group are notable for their specially marked ability for form¬ 
ing alloys, as is evident irom the data of Tables 39 and 40. A large number of compounds 
appear among these allays. For the most part these have the character of non-DaJtonide 
compounds, in some cases with very wide ranges of homogeneity. Many of the compounds 
arcoftheHume-Rothery type (cf. p. 21. elseg.), The metals ofthe first Sub-group invariably 
have the valence electron number i in these compounds. There are also numerous other 
compounds however, and the regularities underlying their formation are still unexplained. 

There is no clear difference in the behavior of Sub-group I elements towards the metals 
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or .h. Main Groups, on .h= on. hand -<i ‘oward^f ^^durd Su^ 

ZM ?:l>t °;,p“X. .3 (P: 8?). .7 (P^ 

^^niL'only Z c'tat 

lair^tucibiirin'UrfsoH^^^ e.L.n« of dro firs. Sub-group. Miscibility 

“S'SXfSS;~'S »..a. .r 

type I in Hume-Rothery phases. 

For bronzes and related alloys sec p. 372-3 €i seq.\ cf. also p. 10. 

(c) Historical 

Copper, silver and gold are among the metals which have been longest known. 
Copper, in the form of bronze, served in prehistoric times (the Bronze Age) for 
the manufacture of weapons, articles, and jewellery. Silver and gold were already 
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generally known and treasured in the times from which our oldest records date. 
From the books of the law of the Egyptian king Menes, about 3600 B.C., we gather 
that at that time the relative value of silver and gold, with the ratio 1 : 2J, lay 
considerably more in favor of silver than it does today. VVe find the three metals 
mentioned in the oldest parts of the Bible and also in Homer. The Phoenicians 
possessed gold washings on the Isle of Thasos, silver mines in Spain, and copper 
quarries in Cyprus. For this reason the Romans called copper aes cyprium, from 
which cuprum was later derived. 

In Germany, after the Dark Ages, during which the small amount of mining 
activity previously carried on was completely destroyed, the smelting of silver and 
copper ores on a large scale began again in the loth Century, in Saxony and in 
the Har2. The Mansfeld copper mine which is still the leader in German copper 
production, dates from the beginning of the 13th century. In the production of 
silver, the mines of St. Andreasberg, in the Harz, and at Freiberg in Saxony 
played for a time the principal role. Gold was formerly found in some German 
rivers, especially in the Rhine, the ancient golden riches of which are described 
in mythical symbolism in the Nibelung Saga. 


2 . Copper (Cuprum, Cu) 


(a) Occurrence 

Copper is found in many places, in great quantities, in the form of its com¬ 
pounds, but large deposits of native copper arc more rare (e.g., by Lake Superior in 
North America). It is most commonly found as suljide. Cupric sulfide, CuS 
{covellite)^ is of but small importance. Cuprous sulfide, CujS {copper glance or 
chalcocite), is an important copper mineral, however. By far the most abundant and 
important copper ore is chalcopynUy CuFeS*, which very frequently occurs 
together with bomite CuaFeS, (e.g., in America). Double sulfides of copper 
with other heavy metals are, indeed, very widely distributed in Nature. Thus, 
teirakedrite (and other double compounds of Cu,S, chiefly with SbtSj and AsjSj) 
and io«mom 7 ^(Cu„Pb)a[SbS,]aarequitc important for the American production 

of copper. 

Other copper ores, which are also important occasionally are the basic carbo¬ 
nates, mflZacAfte, CuCOa • Cu(OH)„ and azurite, 2CuCOa ■ Cu(OH)j, and also the 
oxide Cu|0, cuprite. 


The silicates of copper are less important; of these chtysocolla, CuSiO, • 2H,0, and diop- 
tase, (copper-emerald), CuSiO, • H.O, which is occasionally used as a gem stone, may be 

"" CU3ASS4,/ama/imte CuaSbS,, tenonte (black copper ore) CuO, and atacamile, 

GuCl, • 3 Cu(OH)„ have only mineralogical interest. . . ,, 

Copper miner^ occur in many cases in very fine p^Uc es mterspersed m other rocks- 
as for .Lmple in the very thinly foliated marls, colored black by a high bitumen content, 

on the south east edge of the Ham (the Mansfeld copper shate). 

Copper also occiis in traces in the human and animal body, especially m tones and 
teeth (Tiede, 1034). The copper content of the tooth substance amounts to about 0.001 /». 
The r«i to pale ”olet coloring which tone ashes display after ve^strong ignition, ^ was 
fiist observed by Gabriel (1894), depends on their copper cont^t. The coloraMn onginates 
from Cu ,0 formed above 800” by thermal dissociation of CuO, and deposited in colloidal 
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dispersion. The question whether copper has biological importance as a catalyst in the 
animal body is not yet settled. On the poisonous action of copper compounds see p. 375. 

(b) Preparation 

The sulfide ores are particularly important for the extraction of copper, [i] They 
are worked up by converting the copper sulfide first into the oxide, which is then 
reduced to the metal by means of carbon. However, since copper ores generally 
contain a considerable proportion of foreign impurities, these operations must 
generally be preceded by others which serve essentially for the enrichment of the 

copper. 

Oxide ores, which generally occur only as minor associates of the sulfide ores (from 
which they have been formed by chemical change), are usually not worked up by them¬ 
selves, but arc fed into the smelting process of the other ores after their conversion into 

copper oxide. 

The smelting of sulfide ores can be divided into the following stages: 

(1) The roasting process. The purpose of this is to remove part of the sulfur. The 
longer the duration of the roasting, the greater is the extent to which the sulfides 
present are converted into the oxides. The oxides of arsenic and antimony 

volatilize during roasting. 

When the sulfur content has been so far decreased through roasting that the ore 
as a whole contains only about one atom of sulfur for each atom of copper, stage 
two follows. 

(i() Smelting for matU {smelting process). In this, the roasted product,which general¬ 
ly contains much ferrous sulfide among other materials, is melted in a shaft 
furnace or reverberatory furnace. Coke is added, along with slag-forming materials 
when necessary. Copper, converted to the oxide during the roasting process, is 
thereby changed to cuprous sulfide, according to the equation: 

aCuO + FeS + C + SiO, = Cu,S -|- FeSiO, + CO*. 

Iron oxide (ferrous oxide), which is formed simultaneously, goes as silicate into 
the slag. The oxides of other baser metals present in the reactants behave like the 
iron oxide, and are also slagged through formation of silicates. The resulting cu¬ 
prous sulfide combines with the remaining ferrous sulfide forming Cu^S • FeS. 
This double compound separates out under the slag, as coarse metal or matte. By a 
repetition of the process, nearly pure cuprous sulfide, known as white metalj or fine 
metal can be obtained. 

If the furnace charge still contains arsenic or antimony, these elements separate 
in the form of speisses, compounds analogous to the matte. If nickel and cobalt are 
present, these also may pass into any speisses formed; otherwise they enter the 
matte. 

With copper ores rich in pyrite, the roasting and smelting processes are fre¬ 
quently combined in one (pyrite smelting). In this case, the heat necessary for the 
smelting is furnished by the combustion of the iron disulfide present in the ore. 

(«V) Conversion of copper matte to black copper. This was formerly carried out in the 
German process by the roast reduction method, and later by the roast reaction process 


* This is only one of numerous concurrent reactions. 
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(the English process). Both these processes have now practically dropped out 
of use. Extraction of metallic copper from the copper matte is now effected almost 
universally by air-blowing, in a converter. This process is known as air blast 
roasting, or the copper Bessemer process. 

(1) The roast reduction process. The matte is roasted until the sulfides have been converted 
almost completely into the oxides (CuO and FcjOj). Coke and quartz arc added and 
smelting is performed in a shaft furnace, whereby the copper is reduced to the metal 
and iron mostly to the monoxide FcO, which passes as silicate into the slag. 

(3) Roast reaction process. In the original form of this process, the matte is first slowly 
melted in a reverberatory furnace with free access of air. whereby, as in ordinary roasting, 
the sulfides arc converted into the oxides. However, the air is excluded before this process 
has reached completion, so that the oxide of the most easily reducible metal (copper) enters 
into reaction with the remaining sulfides. By this means, metallic copper is formed, with 
elimination of SO,, e.g., according to: 

3 Cu,S -f 3O1 = 3 Cu ,0 -f 3SO, (first phase— roasting); (i) 

sCujO + CujS = SO, + 6 Cu (second phase— reaction stage). (2) 

The iron monoxide, being more difficult to reduce to the metal, combines with the 
added quartz to form the silicate: 

FeO + SiO, = FeSiO,. 

Repetition of the process yields ‘black copper’, with about Cu. 

(3) Converter roasting process {copper Bessemer process). 

This process, which is now in general use, has developed from the two earlier- 
processes just considered. In converter roasting, the molten matte or white metal, 
like the pig iron in the Bessemer process, is introduced into a converter. This is a 
vessel furnished with an acid or basic lining (the latter is used if acidic additions 
are to be made to the melt, and is more resistant), through which compressed 
air is blown. The FeS then first undergoes oxidation, and the resulting iron oxide 
is slagged. Oxidation of a portion of the copper sulfide then follows. The resulting 
oxide at once reacts vigorously with the still unchanged sulfide, until all the copper 
is transformed into the metal in accordance with equations (i) and (2). 

An essential step in extending the Bessemer process to the production of copper 
was introduced by the French metallurgist Manhes {1880) who had the idea of 
introducing the air from the side, at some distance above the bottom, instead of at 
the bottom of the converter. This ensures that the air at once enters the reactant 
mixture, which is also maintained in a white hot molten state by the exothermic 
oxidation processes occurring within it, without having to pass through the copper, 
which collects at the bottom, and which readily cools and sets solid. Drum conver¬ 
ters are widely used in the copper converter process, in place of the pear-shaped 
converter usual in steel smelting. 

(it;) Extraction of copper by autogenous smelting. It has been seen that the preparation of 
copper can be subdivided into three stages (this being true of the copper Bessemer process 
also). Two of these stages—the roasting process and the converter stage—take place exo¬ 
thermically whereas heat is absorbed in the smelting stage. It is an obvious idea that the 
necessary heat should be provided by the two exothermic stages. To a certain extent this 
aim had already been achieved in the so-called pyrite smelting process, which came into use 
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a few place, a. .he end oahe laa. ce„.u^ U w. 

^rhV-ldtTn r.cr^^ cnee^ balance .hee., is Use so-called *as 

mM'>g />'»«" *''' ‘!'or?'’conceTrat?ci' by floutiin, U mixed with slag-forming 

I'hc hncly pulverized coppe , fumace This has a ‘burner’, from which a blast 

substances, and fed frorn above into a s nulverizcd charge in a state of suspension 

of heated air emerges. This «X!u. of sulfur, which burns 

for some time, and simultaneously br ^ sulfide. This is oxidized to FcO at the 

to SO,. In practice, copper ores V unattacked if the air supply is correctly regulated, 
same time, whereas the u, re riariieles to the temperature effusion, so that the 

The heat of combustion raises “ fiijcate The molten droplets settle out, and collect 

.ron oxide Ls slagged by matte and an upper layer of 

at the base of the furnace, with off frorn time to time. The former is run 

fused iron silicate. The ? ‘blown^to crude copper, while the slag is run into 

directly into a converter .‘"^"i.^ure of quick lime and coke, which is 

an electric furnace. The m . • ^bidc This reacts with the silicate slag, forming 

converted by an electric arc can be used as a fertilizer. CO 

a low-carbon iron / burned to provide the heat required for lime burning. 

rr^hcI.TIir Wall onhe'sS The ga.es are finally freed from dust and used for 
Extraction 0} copper by bur'^Xyn^^^ 

copper sulfide into the ox.de sulfate. by metallic iron (occasionaUy 

I" oth^r^tcipru^ As the present time it is generally deposited from 

solution clectrolytically. ^ Of this 

prrctLrL'?,^.^^.ld%r«'’c" thile .;.6%, Canada 

production me u Onlv i-j®/ of the total copper ore producUon came from 

lu lur’orean «EesT. 5% f™m Germany). The smelter 

, 979 million tons, and the production of refinery copper “‘‘‘“VTihe wori^ 

la 6®/ and 32.8%, respectively, were m Europe. Europe accounted for 63.3 /o 
y^mumptforef refined'eopper; which amounted in the same year to 2.144 milhon tons. 


(c) Purification (Refining) of Copper [ 2 ] 

As a rule, the copper obtained directly by the various methods is veiy impure. 
It can be refined by dry or wet methods, in the Utter case electrolyticaUy. 
though in itself it is more costly, this method of operation is especially profiublc 
when the copper contains noble metals as impurities. Moreover, it has the ad\^- 
taee of furnishing copper of a very high degree of purity, and at the present time 
it is therefore used almost exclusively for the copper required for electrical ma¬ 
chinery or conductors. 


(i) Refining by the dry method is carried out by melting the copper in a reverberatory fur¬ 
nace. A portion of it is thereby oxidized to Cu, 0 . This dissolves in^e molten copper, 
can pass^its oxygen on to the baser elements contained therein. When this has 
the Cu.O which still remains in excess U deoxidized, by the inttoduction of wood or 
charcoll into the melt (‘poling’ of copper). The process furnishes refined copper of about 


99 * 5 % purity. 

• The production capacity of the copper refineries is higher than that of ^e smcltere, 
because in addition to crude copper the former also work up scrap and residues lor nne 
copper. 
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(ii) Be/ining by the wet method is carried out clcclrolytically. The blister (unrefined) is 
suspended as anode in a copper sulfate solution acidified with sulfuric acid. On electrolysis, 
copper goes into solution at the anode, and pure copper is deposited at the cathode. The 
voltage required for the electrolysis is very small, since no decomposition potential has to be 
overcome, and the potential is determined almost entirely by the ohmic resistance of the 
solution. With cells of the usual dimensions and a current strength of 1000 amps, a few 
tenths of a volt suffice for this. A few hundred cells are therefore usually connected in series. 

The energy consumption per kg of pure electrolytic copper produced can be calculated 
from the fact that a current of ont amp. dcf>osits 19.76 mg of copper per minute, so that 
843.4 hours are needed to deposit one kg. Assuming a terminal voltage of 0.3 volt per 
cell, this represents an energy consumption of 843.4*0.3 : 1000 = 0.253 kilowatt hours. The 
voltage losses in the current carr>’ing conductors are not thereby taken into account. 

The metals standing below copper in the electrochemical potential scries, (i.e., silver, 
gold, and platinum in particular) do not go into solution with the copper when the anode 
dissolves, but settle on the bottom as an anode slime. The possibility of recovering the pre* 
cious metals from the anode slimes is very important for the economics of the electrolytic 
process. 

The electrolysis refining of copper was the first electrochemical process to find applica¬ 
tion for industrial purposes. The first installation was erected by Elkington in England, only 
two years after the invention of the dynamo. 

The electrolytic process is also of considerable importance for the recovery of copper from 
residues and from scrap. The usual procedure resembles that used for the refining of crude 
copper. For the extraction of copper from copper-plated iron scrap, a process was worked 
out by Schaarwachter {1939), and depends on anodic dissolution of the copper in a solu¬ 
tion containing sodium cyanide, and its redeposition cathodically (cf. p. 382). The iron re¬ 
mains practically unattacked in this process. Brass can be recovered directly from brass- 
plated scrap by the same process (cf. page 374). 

(d) Properties 

Copper is a metal of characteristic red color; very thin layers appear greenish 
blue by transmitted light. It crystallizes in the cubic system (cf. also page 362) and 
frequently occurs native in well formed octahedra and cubes. Pure copper is 
rather soft (hardness 3 on Mohs’ scale). It is very tough and ductile. It is notable 
for its very high electrical and thermal conductivity (cf Table 36 p. 362.). The 
conductivity is considerably diminished by traces of most impurities (which also 
increase the hardness), and especially by the brittle metals arsenic and antimony. 
It is a general rule in metallurgy that the further apart any alloying element and 
the main constituent stand in the Periodic System, the greater is the effect of the 
alloying element on all properties. 

For further physical properties of copper compare the summary table at the 
beginning of this chapter. 

Compact copper is not markedly attacked by dry atmospheric oxygen at or¬ 
dinary temperature. It tarnishes on heating, with the superficial formation of 
oxide. When strongly heated, it is ultimately completely converted into cuprous 
oxide or, at higher oxygen pressures, into cupric oxide. 

Moist chlorine rapidly attacks copper, even at ordinary temperatures. The me- 
tjJ also combines readily with the other halogens, and has a very marked affinity 
for sulfur and also for selenium.* 

Gaseous nitrogen has no perceptible action even at high temperatures. How¬ 
ever, if ammonia gas is passed over copper at a red heat, nitrogen is absorbed. 

• Of the three sclenidcs cited in Table 39, only one can be obuin^ by direct combina¬ 
tion of the constituents. All three are found in Nature however; CujSe as berzelianiU, Cube 

as klockmanniU, and CusSej as umangite. 
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Copper is attacked by the oxides of nitrogen even below a red heat; by N ,0 and 
NO with the formation of Cu, 0 , and by NO, with the formation of CuO. Finely 
divided, freshly reduced copper combines directly with NO, at about 25-30 , 
with the formation of nitrocopper, Cu,NO„ a brown mass stable in dry air, which 
is decomposed vigorously by water with the evolution of NO. Coppcr does not 
combine directly with carbon. When present in the form of its compounds how¬ 
ever, it can replace the hydrogen atoms of acetylene CaH,. Either Cu,C, or CuC, 
can be obtained, depending on whether compounds of +i or +2 copper are 
employed. 

Copper does not combine directly with molecular hydrogen, apart from the formation of 
a volatile hydride in minimal amounts at very high temperatures; this has only been detect^ 
cd spectroscopically (cf. p* 363). It docs however combine with atomic hydrogen (Pictsch, 

• 93 *)* with the formation of a very unstable solid hydride*. The solvent power of copper 
for hydrogen is only small. The quantity dissolved is proporUonal to the rquarc root of the 
hydrogen pressure, and increases with rise of temperature. According to the measurements 
of Sieverts, at 409° 100 g of copper absorb only 0.006 mg of hydrogen at atmospheric pres¬ 
sure. At the melting point (1083°), the same amount of copper in the solid state can take 
up o. 19 mg hydrogen, and in the liquid state 0.54 mg at 1083* and 1.24 mg at 155® ♦ 

Copper is able to alloy with many metals. With a number of them, for example 
aluminum, combination occurs with the evolution of considerable heat. As has 
already been discussed, there are many compounds among the alloys of copper. 



Cu — •■weight ptr cent Zn Zn 

Fig. 45. Equilibrium diagram of the copper-zinc alloys. 


a = Cu-Zn mixed crystab (f.c. cubic) 

^ = ZnCu (b.c. cubic); =: ZnCu phase with ordered arrangement of atoms 

y = Zn,Cu, (cub., very large cell) 

6 =■ high temperature phase (hexag.), structure not yet known 
e = Zn,Cu (hexag. close packed) 

T] = Zn-Cu mixed crystals (hexag. close packed, but with axial ratio different from 
e-phase. Ratio cj a rises with increasing Cu content of e-phase, but falls with 
increase in Cu content of ^T-phase). 

(y+£) = eutectoid mixture of y and e fom.ed by decomposition of d-phase. 

* A hydrated solid hydride, differing from this, is obtained by the reaction of copper 
sulfate with hypophosphorous acid (cf. p. 383.). 
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Some of the ph^e dia^ams of the copper alloys are rather complex. For example, noi 
1 ^ than eight different intermetallic phases appear in the system copper-aluminum. Of 
these, four are stable at ordinary temperature (cf. Fig. 6 p. 17.). Furthermore, copper can 
take up to 10.5 weight- /q of aluminum without change in its crystal structure, and alumi¬ 
num up to o.5weight-% of copper*. Four intermetallic phases (or five,including the super¬ 
structure phase of^-brass) are involved in the system copper-2inc; three of these are stable 
at ordinary temperature. They all have fairly broad ranges of homogeneity. Copper can 
diMOlve up to 39.5 weight-% of zinc without change of crystal structure; zinc can dissolve 
only 0.5 weight-/o of copper without change of structure. The areas of the different 
phas« in the copper-zmc alloys are represented in Fig. 45. The ranges in which the differ- 
ent ph^es coexist (regions of inhomogeneity) are indicated by shading. Six or seven inter- 
rrietaJuc phases occur in the copper-tin alloys. Three of these are stable at ordinary tem- 

perature namely the compounds Cu,! Sn^, CujSn, and C^s. All three have quite narrow 
ranges of homogeneity. The last mentioned, however changes markedly in composition 
with rise of temperature; it melts incongruently. The two others are likewise unstable at 
high temperatures, and undergo transformations in the solid state. Copper can dissolve up 
to 14.2 weight-% of tin without change of crystal structure. The (white) tin however does 
not incorporate copper into its crystal lattice in appreciable amounts. An alloy of 94.5 
weight-% tin and 5.5 weight-% copper solidifies from the melt as a eutectic mixture of 
Cu.Snj and tin crystallites. As has already been discussed in Chap. 1, (p. 16 stg.), a close 
relationship exist between the alloys of copper with tin, zinc, and aluminum (on this point 
see alsop. 375 *) The phase diagram of the copper-nickel alloys is very simple. It corresponds 
exactly to the type represented by Fig. 103, Vol. I, p. 569; that is to say copper and nickel 
are completely miscible with one another both in the solid and in the liquid state, and form 
no chemical compounds with each other. 

Copper dissolves in dilute nitric acid, with the evolution of nitric oxide, forming 
coppcr(II) nitrate; in hot sulfuric acid yielding copper(II) sulfate**. Ontheothcr 
hand, as follows fromits position in the electrochemical potential scries, it is in general 
unable to discharge hydrogen ions. In accordance with this, it is not attacked by 
dilute sulfuric acid, dilute hydrochloric acid, acetic acid, etc., in the absence of air. 

However, gaseous hydrogen chloride reacts with heated copper, forming 
copper(I) chloride: 

Cu -f HCI ^ CuCl + iH,. 

Metallic copper also dissolves in concentrated alkali cyanide solutions, with the 
evolution of hydrogen: 

Cu -i- 2CN- + H.O = [Cu(CN)J- -I- OH- + iH,. 

This reaction depends on the fact that the oxidation of the copper is facilitated by 
complex formation. 

* The saturation limits given here and in the following apply to ordinary temperature. 

•* The reaction proceeds substantially according to: 

Cu + H,S04 = CuO + SO, + H ,0 

CuO + H,S04 = CUSO4 + H, 0 . 

This main reaction is however accompanied by side reactions, which are formulated by 
Fowles (1928) as follows: 

4GU + SO, = CuaS + 2CuO 
Cu,S -I- H,S04 = CuaSO, + HjS 
H,S + H,S04 = SOa + S -f- 2H.O 
S -I- 2 HaS 04 = 2HaO + 3SOa 
CujS 04 + 2H8SO4 = 2CUSO4 -I- 2 H ,0 -h SO,. 
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It must be assumed that an equilibrium is set up in the vicinity of the metal: 

Cu -t- 


( 3 ) 


•I his ctT< rally lies so far over to the left, however, that there is never any perceptible disso- 
I 1 on of copper and evolution of hydrogen. It is possible to displace the equdibnum from 
l;.h°o nght to a considerable extent by creating conditions such that either the con«ntra- 
tioii of Cii" ions—which are ordinarily present in solution only m minimal amounts is stil 
further substantially lowered, or that the dissolved hydrogen (also present only m minimal 
mounts) is removed from the solution. The first can happen if the Cu+ ions are captured by 
stZgly eomplex-forming reagents, such as the CN- ions in the example ci.ed^ If hal.de 
ions (svhirh have a much weaker tendency to form complexes 

lonsl are used to take up the Cu^ ions, it is not possible to displace the equilibrium (3) 
towards the right, unless the H* ion concentration is simultaneously raised to a very high 
s alue Copper does, in fact, dissolve in highly concent,«Ud halogen ac.ds (with the exception 
of hydrolluoric acid) with the evolution of hydrogen, although ■■ stands below hy- 
clrogen it. the elec trochemical potential series. The other possibility of shifting 
(1) towards the right, the removal of the elementary hydrogen, can also be achieved by 
oxidants. However, these may also react directly with the copper, by accepting electrons 
from it so that they transform it directly into the ionic state. 


I hc initial rate of dissolution of copper in dilute nitric acid is very slow. How¬ 
ever, when a certain amount of nitrite ion has been formed in the solution, 

according to the equation 

Cu + 2H^ + NO3- = Cu^+ + H ,0 + NOr» 

the reaction becomes very vigorous. If some nitrite is previously added to the 
dilute nitric acid used for dissolving the copper, reaction ukes place from the 
beginning at its full speed. Such a case as this, when one of the reaction products 
itself accelerates the reaction, is spoken of as autocatalysis (cf. Chap. 17). 

Copper is precipitated from its solutions by less noble metals such as iron. Use 
is frequently made of this in the technical preparation of copper (cf. p. 370.). 
Precipitation in this way is called cementation, and the powdered (and generally 
very impure) copper so obtained is called cementation copper. 

The normal potential of copper has already been cited as an electrochemical measure 
of the noble character of the metal (cf Vol. I, p. 30, Table 4). The potential of a copper 
foil dipping into a solution which contains one mole of cupric ions per liter, is 0.34 volts 
below that of the normal hydrogen electrode. A copper foil dipping into a solution which 
contained the same concentration of cuprous ions would exhibit a still lower potential, na¬ 
mely 0.52 volts below the normal hydrogen electrode; at the same ionic concentration, 
therefore, cuprous ions would have a greater tendency than cupric iom to pass over into the 
metallic state, giving up their charge—in other words stronger oxidizing properties. In 
reality, however, cuprous ions arc always present only in quite minimal concentrations, 
and since the electrode potential depends upon the ionic concentration, the situatiori is 
actually reversed. In practice, the cupric compounds arc the ones with the greater oxidizing 
power. 

It is possible to effect the simultaneous clcctrodeposition of copper with much more 
strongly electropositive metals, such as zinc, if the copper ion concentration is strongly 
repressed through complex formation. Its solution potential is thereby displaced (according 
to cq. ib, Vol. I, p. 32) towards the side of the baser metal. Both metals arc deposited 
simultaneously, in the form of brass, by electrolysis of a solution of copper and zinc salts 
containing much sodium cyanide, since the deposition potential of copper in such a solu¬ 
tion is raised in magnitude by formation of the strongly complexed ion [Cu(CN)j]~ to a 
far greater extent than is that of zinc; the cyano ions [Zn(CN),] " and [Zn(CN)4]“ are only 
weakly complexed. This effect is utilized for the production of brass coalings on iron ob¬ 
jects. as protection against corrosion. 
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Copper is strongly toxic towards lower organisms. Small amounts of copper 
{e.g., average daily doses of less than o.i g) are not harmful to man, even with 
continued ingestion. Larger amounts of soluble copper salts can bring about 
serious disorders; 2-3gin a single dose can be fatal. Copper poisoning from food¬ 
stuffs is rare, since the presence of copper in foodstuffs confers a distinct and un¬ 
pleasant taste which makes them unpalatable. 

(e) Uses of Copper and its Compounds 

Except for iron and aluminum, copper is probably the most important tecli- 
nical metal, even though within recent years other cheaper metals have replaced 
copper to a considerable extent in njany of its applications. Its alloys, however, 
still find the most manifold applications for machine parts, tools, instruments and 
equipment of all sorts, and for ornamental objects. Copper sheet is used for roof 
covering, and for coating ships’ bottoms. In the form of wire, it is used in very great 
quantities for electrical conductors. 

Among the alloys of copper, [3-7] the bronzes call for particular mention. Bronzes are alloys 
of copper and tin, to which zinc and lead arc frequently added to lower the cost. The bron¬ 
zes are characterized by their hardness and strength. The best are gunmetal and bell-mctal, 
which contain only copper and tin. A general property of the bronzes is their ability to make 
sound castings. Moreover, bronzes containing up to about io®o tin are ductile, malleable, 
and can be die-stamped. In accordance with what was staled on p. 17, such bronzes con¬ 
sist only of Cu-Sn mixed crystals*. To avoid oxidation of copper and tin during the melting 
and casting of bronzes, or to reduce any oxides formed again, phosphorus, in the form of 
phosphor-tin or phosphor-copper, is frequently added to the bronze as a dc-oxidant, before 
casting. The phosphor-bronzes so obtained possess especially great strength and durability, 
because of their freedom from oxide* *. Silicon is frequently added as de-oxidant in casting 
pure copper. The oxide-free copper so produced, containing traces of excess silicon, is 
generally known as silicon-bronze, although it is not a bronze in the proper sertse, i.c.,‘it is 
not a copper-tin alloy (cf. also Vol. I, p. 254 et seq.). 

Aluminum-bronzes are coming increasingly into use in place of the tin-bronzes. As a rule 
they contain 55-75% Cu, 22-42% Zn and 2-20% Al. When correctly worked, many of 
them display properties superior to the ordinary bronzes. Tombak and brass are other tech¬ 
nical metals in wide use. They are alloys containing copper and zinc as principal consti¬ 
tuents, often with the addition of tin, lead, and iron. They are cheaper, softer, and more 
easily worked than the bronzes. With a zinc content of less than 18%, the color is still 
reddish (tombak or red brass); with a higher zinc content they are yellow (up to 50% zinc) 
and are called brass. Brasses with a zinc content up to about 45 % only be cast but 

can al so be worked by cold-rolling, pressing, and drawing. Copper-zinc alloys with a zinc 
content between 38 and 45 % {Muntz rnetal) may be readily hot-rolled and forged. Accord¬ 
ing to the equilibrium diagram of the zinc-copper alloys, the intermctallic phase known as 
p-hrass occurs at red-heat in this region of concentrations***. This changes below 470° into 
the so-called ^'-brass which differs from ^-brass in the ordered arrangement of the atoms on 

• In practice the limits for cold working lie rather lower than the miscibility limits at 
ordinary temperature (14.2%). This may be due to the fact that at higher temperatures the 
limit is displaced towards the region of alloys poorer in tin—at 792“ this is at 7 - 5 % ■ The 
equilibrium corresponding to that obtaining at ordinary temperature is not attained in 
alloys which have solidified relatively quickly from the melt. 

• • The finished phosphor-bronzes usually contain only traces of phosphorus, since no 
more is usually added than is required for the reduction of the oxides. 

**♦ At 800®, the /?-brass region extends from about 38-53% Zn. At 700®, it extends from 
42-49% Zn. The boundaries of the region approach increasingly closely with decrease of 
temperature. 



8 


376 SUB-GROUP i OF THE PERIODIC SYSTEM 

the lattice points of its structure*. It appears that the hot-working propcrU« and m^cabili- 
ty observed for Muntz-mctal arc closely associated with the occurrence of ^-IjraM. Am al\<^ 
with about 30% copper and 65-70% nickel {Monel metal, m.p. 1410 ), which is ^tain^ 
directly by the reduction of nickel-copper matte (cf. p. 308. el seq.), is distinguished by its 
resistance to acids, great strength, and good working qualities. Crmum n/tw, much us^ 
for the manufacture of cudery and small articles of jewellery, is an aUoy with 50-70 /0 
copper, 13-25% nickel, 13-25^/0 zinc, and frequenUy small amounts of lead, tin, or iron. [7] 
The coinage alloys must also be mentioned. Most copper coins contain 95 /o copper, 4/0 
tin, and zinc. Nickel coins consist of copper and nickel (cupronickel) or pure nickel 

(cf. p. 309). , . . «/ • L* L • 

Devarda's alloy, consisting of 50% copper, 45% aluminum, and 5 /© zinc, which is so 

brittle that it can easily be powdered, is often used in the laboratory as a reducing agent. 


Copper finds many appUcations as a catalyst in preparative inorganic and 
organic chemistry and in technology. 

Both metallic copper and the compounds of copper possess catalytic proj^rtics, accelera¬ 
ting oxidations in particular. The best known example of this is the oxidation of hydrogen 
chloride by atmospheric oxygen, in the presence of copper compounds, in the Deacon pro¬ 
cess Copper compounds are also frequenUy used as oxygen carriers in other ways, as for 
example in the oxidation of organic dye-stuffs. If methyl alcohol mixed with air is pass^ 
over a heated copper spiral, the latter continues to glow, since formaldehyde is formed with 
considerable evolution of heat, according to the equation: 

CHjOH + JO, = CH,0 -H H,0. 

Copper can also transfer atmospheric oxygen to numerous other substances. Oxidation 
with combined oxygen is also frequently accelerated by copper salts. 

Use is made of this in the laboratory—for example in Kjeldahl nitrogen determinations 
in which a little copper sulfate is generally added, as a catalyst, to the sulfunc acid used for 
the destructive oxidation of the organic substances. Reduction processes can also be acceler¬ 
ated by copper. The widespread use of cuprous halides and cyano compounds in prepara¬ 
tive organic chemistry for the Sandmeyer reaction (conversion of diazo compoimds into 
halogen compounds, etc.) may also be mentioned in this connection. 


Many compounds of copper arc used as pigments. Ground up malachite (cf. 
p- 389), or artificial preparations of similar composition arc used under various 
names in distemper and water paints. “Mountain-blue** is ground upazurite (p. 
389), a beautiful blue pigment, but unstable. More frequently used is Bremen blue, 
a voluminous copper(II) hydroxide prepared by a particular process. Schwein- 
furt green (cf. p. 390) is a color highly valued in many places. It is very poisonous, 
however, because of its arsenic content, and is therefore prohibited in certain 
countries, as also is Schcele’s green, a copper(II) arsenite of variable composition. 

Other copper compounds find application in medicine or to combat plant pests. 
Thus Bordeaux mixture is used to combat Peronospora and potato disease (cf. p. 
387). Copper borate or copper phosphate sprays, prepared by dissolving copper 
vitriol and borax or sodium phosphate in water, are used against diseases of wheat, 
such as rust. 

Coppcr(I) chloride, dissolved in concentrated hydrochloric acid or in aqueous 
ammonia, is used in gas analysis for the absorption of carbon monoxide. It is 
also used for the purification of acetylene. Coppcr(II) chloride, copper(I) oxide, 
and copper(II) oxide arc used for coloring glasses and enamels (Cu ,0 gives a red 

* The transformation of the one type into the other shows up in the cooling curve, and 
manifests itself further in anomalous changes in electrical conductivity, specific volume, and 
other properties during cooling or heating. 
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color, CuO a green or bluish tint). Copper oxide-ammonia solutions are used in 
the manufacture of artificial silk. One of the most widely used copper salts is 
copper vitriol, CuSO^ • 5H2O. 


3. Compounds of Copper 

The familiar compounds of copper are derived both from the -f-1 and -i-2 oxi¬ 
dation states of the metal. The copper(II) compounds are generally the more 
stable. 

In addition to a black oxide CuO, and a blue hydroxide Cu(OH)2, dipositive 
copper forms numerous salts, CuXj, of which those formed with strong acids are 
easily soluble in water, and are almost completely dissociated in dilute aqueous 
solution, being also hydrolyzed to a slight extent. The (hydrated) Cu++ ions have 
a sky-blue color. They have a fairly strong tendency to form complex ions, this 
being generally manifested by a change of color. Such complexes are formed both 
with negative ions (acido-complexes), e.g., Cu"*"*" + 4CI- = [CuCl*]”, and with 
neutral molecules, especially ammonia—Gu‘^+ + 4NH3 = [Cu(NH3)4]++. 


The inhibition of many precipitation reactions of copper (e.g., precipitation by alkali 
hydroxides) by certain organic substances, such as glycerol, sugar, or tartaric acid, is due 
to the formation of complexes. A factor common to these substances is the presence of se¬ 
veral hydroxyl groups. Copper can replace the hydrogen atoms of such hydroxyl groups; 
thus in alkaline solution it can react with the ion of tartaric acid according to: 
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In these and similar complex ions the copper is so firmly bound that free Cu++ ions are 
not present in such solutions in sufficient concentration for the solubility product, e.g., of 
Cu(OH), to be attained. Precipitadon of this compound is therefore prevented. 

The sodium salts, Na,[C4H,OeCu] • 2H,0 and Na4[CgH40„CuNaJ • i3H,0 have 
been isolated in the crystalline state from tartrate solutions; their constitution can however 
not yet be considered to be fully elucidated. Fehling's solution, prepared by mixing copper 
sulfate solution with Seignette salt (KNaC4H40. • 4H,0) and potassium hydroxide, which 
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is mvd as an anaivtical reagent for many organic substanc« (c.g., glucose) contains such 
copper-tartaric acid complexes. The copper in them is reduced to the +i state by sub¬ 
stances such as glucose, and is thereby precipitated as cuprous oxide. 

I hc compounds of unipositive copper, e.g., the red cuprous oxide Cu.O gray 
cuprous sulfide CuaS, and the simple salts CuX are all practically insoluble m 
water, hut in many cases can be brought into solution through complex formation. 
Most of the complex compounds and also the simple salts of +1 copper are color¬ 
less, or nearly so. The ability of copper{I) salt solutions to absorb carbon monoxide 
with tlic formation of a complex is noteworthy. 

The conditions governing the stability of coppcr(I) salts are defined by the alternative 

electrode processes {I) and (a); c — C *■ + r (0 

Cu Cu++ + (2) 

At equilibrium, in the presence of metallic copper, -^has the magni¬ 

tude i • io« Hence copper will dissolve in a solution of a coppcr(II) salt until enough 
coonerd) ion has been formed to establish equilibria in the system; conversely. Cu+ions 
would undergo disproportionation. aCu- ^ -t- Cu, until equilibrium was reached. 

The numerical magnitude of A' implies that the concentrations of copper(I) ion coexisting 

with ccppcr(II) ion would be 

[Cu++] = I lo'* IO-* iO“* molar 

[Cu^] = to * lO * IO-* IO-* molar 

It follosvs that appreciable concentrations of Cu+ ions cannot exist in solution at all, and 
the known copper(I) compounds arc limited to those which are extremely insoluble (the 
oxide, sulfide, and halides), so that the Cu* ion concentration in equilibrium with the solid 
cannot rise to a value involving appreciable disproportionation, and those which arc com- 
plexed so that the Cu* ion concentration is held at a low figure. Other coppcr(I) salts 
arc unstable. Thus Cu,.SO, is formed by the action of dimethyl sulfate on Cu, 0 , but is 
decomposed by water, but complex sulfates (c.g., [Cu(NHj),],S04) and nitrates (c.g.. 

The corresponding hypothetical equilibria for the Ag* and Ag** ions lie far over to the 
left the Ag(II) compounds being powerful oxidants unless the free Ag'*’* ions concentration 
is held at a very low figure by complex formation. The corresponding reactions with gold 
involve the gold(I) and goId(III) valence sutes — 3Au(I) ^ Au(III) + 7\u(meUt[)- 
and greatly favor the existence of gold(III) compounds. The equilibrium is still further 
displaced in this direction, however, by the strong tendency for complex formation by 

gold(III) compounds. .... j-o- 

With many non-metals, c.g., with Si, P. Te, copper forms compounds which differ com¬ 
pletely in composition from the salt-like compounds, and appear to be related lo the inlcr- 

mctallic compounds (cf. Table 39, p. 36 f“ 5 ')- . ... „ .• • • 

It is also possible to obtain compounds in which copper is tnposittve. Scaglianm 
Torclli (1921) obtained a garnet red powder, said to conuin the oxide GujOj, by Creating 
freshly precipitated coppcr(Il) hydroxide with potassium peroxysulfatc. This^ cvoIvm 
chlorine from hydrochloric acid, but gives no hydrogen peroxide with dilute acids. It is 
thus not a derivative of the latter, i.c., is not a peroxide such as the brown-black copper 

/O /OOH 

CuO. • H ,0 = Cu I • H ,0 or Cu 

\0 ^OH 

which Moser has prepared by the action of HjO* on finely divided Cu(OH)). (A peroxide 
neroxvhydratc of copper with a still higher oxygen content, HOOCuOOCuOOH, has 
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been prepared by Wieland. 1938.) Scagliarini and J'orelli therefore formulate the oxide 
Cu809 with -r3 copper. The oxide CujOj is acidic in character, and forms red \er\- 
unstable salts with alkalis of the type M'[Cu(,OH),], the tctrahvdroxocuj?ratef 11 h salts. 

Oxocuprateilll) sails, KCuOj and BaCCuO,^* • H ,0 have recently been isolated bv 
Klemm and by R. Scholder (19511. Klemm (1949) also succeeded in preparing a lluoro 
complex of +3 copper, K3[CuFg]. Other examples of copper(IIIl compounds are 
K,[Cu(IO«)2j • vHjO and Na5H^[Cu(l'e09)2] • iSH^O (Malatesta, 19411. Except for tlie 
fluoro complex referred to abo\c, all these Cudlli compounds arc diamagnetic. They are 
thus compounds involving covalent bonds within the complex (probably rff/e h>hrid. 
square planar bonds). 


(a) Copper(I) Compounds 

(1) Cuprous oxide, CujO, occurs in Nature as red copper ore {cuprite),'\n the form 
of dense red to brown-black masses, occasionally also as well formed regular 
crystals (usually octahedra) of density 5.75-6.09. It is obtained artificialK by the 
addition of caustic soda and a not too strong reducing agent, such as glucose, 
hydrazine, or hydroxylamine, to a cupric sulfate solution or to Fchling’s solution. 
On gentle heating a yellow precipitate is first formed. From its X-ray diffraction 
pattern this is to be regarded as a gel of finely dis¬ 
persed cuprous oxide. The precipitate slowly turns 
red, (faster on stronger heating) as a consequence 
of growth of particle size. 

Cuprous oxide is practically insoluble in water. 

It readily dissolves in aqueous ammonia however, 
and also in concentrated solutions of halogen acids, 
forming colorless complex compounds: 

[Cu(NH,),]OH and [CuX,]H {X= halogen). 

Cuprous oxide is also perceptibly soluble in caus¬ 
tic alkalis. It is transformed by dilute halogen acids 
into cuprous halides, which arc likewise insoluble in water. It is dissolved by 
dilute oxy-acids, e.g. sulfuric acid, but thereby undergoes simultaneous decom¬ 
position into a copper(II) salt and free metal: 



Fig. 46. Unit cell of cuprite, 
CujO. a = 4.26 A 


Cu ,0 -p HjSOj = CuSO^ HjO 4 * Cu. 


The crystal structure of cuprite is illustrated in Fig. 46. The oxygen atoms form a body- 

centered cube of side a — 4.257 A, the copper atoms a tetrahedron with the edge length ^ . 

v ^3 1 ^ 2 

The shortest distance Cu <-»0 is • —a ~ 1.85 A. The heat of formation of cuprous oxide, 

4 


according to Wohler, b 43.0 kcal per mole of CujO. 

Cuprous oxide finds technical application as a red pigment for glass and enamel and as 
a paint for ships’ bottoms. It is also used as a pesticide. 

Cuprous oxide, containing cupric oxide as an impurity, is formed in the rolling and for¬ 
ging of copper, as ‘copper hammer scale*. At the present time the technical preparation of 
pure cuprous oxide is generally carried out electrolytically. If an electric current is passed 
through an alkali chloride solution in a cell with a copper sheet as anode, the copper passes 
into solution in the form of chlorocuprate(I) ions, [CuClJ", which react with the hydroxyl 
ions formed at the cathode to give cuprous oxide: 


2[CuCIJ” 2OH — CujO HjO -F 4 d~* 


(«) Copper{I) Halides. Cuprous chloride (copper(I) chloride) can be prepared by 
warming copper turnings with concentrated hydrochloric acid, to which a little 
potassium chlorate has been added. The solution is at first black, but ultimately 
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becomes completely colorless. On dilution, the salt, dissolved in complex form (as the 
addition compound with HC!),is precipitated as a powder which is snow-white in 
the pure slate, but rapidly becomes greenish-colored in moist air. The preparation 
tan also be carried out by the reduction of copper(II) chloride solution, or of 
mixed solutions of coppcr(II) sulfate and sodium chloride, with sulfur dioxide. 
Cuprous chloride is very sparingly soluble in water (cf. Table 38, p. 363), but is 
readily soluble in hot concentrated sulfuric.acid. It also dissolves in concentrated 
alkali chloride solutions, as well as in concentrates aqueous ammonia. 

The solutions of cuprous chloride in concentrated hydrochloric acid absorb 
carbon monoxide, but give it up again on heating. It is possible to isolate the 
addition compound CuCl • CO in the crystalline form. The compound H[CuCl,] 
can be thrown down in pearl grey needles by cooling a solution of cuprous chloride 
in hvdrochloric acid (saturated when hot), and passing in HCl gas. Alkali double 
chlorides arc also known, e.g., KCl • CuCl = K[CuCU]. Complex ammoniates 
arc present in the ammoniacal solutions of cuprous chloride, e.g., [Cu(NH3)j]Cl, 
but they can be isolated only with difficulty. Ammoniates of the composition 
2CuCl ■ 3 NH 3 and 2CuCl • NHj, as well as the ammoniate mentioned, have been 

isolated by dry methods. 


Cuprous chloride can also form addition compounds with acetylene. The compound 
C: H. • GCuCI is precipitated by acetylene from a solution of copper(n) chloride in anhy¬ 
drous alcohol. The compound C,H, • 2CuCl crystallizes from a solution of CuCl in concen¬ 
trated hydrochloric acid after the prolonged passage of acetylene. 

Cuprous chloride forms double molecules (CuCl), in the vapor state. As against this 
however, molecular weight determinations in many solvents, e.g., pyridine, have given 
values lying closer to the unimolccular formula CuCl. Cuprous chloride crystal^es in 

regular tetrahedra, as can at once be perceived by 
microscopic examination of the crystals. X-ray 
measurements have shown that its structure is of 
the lattice type known as the zinc blende struc¬ 
ture, since it was first found for zinc blende. The 
unit cell of this structure consists of a face-cen- 
tcred cube formed by the atoms of one kind (e.g., 
the Cu atoms), into which a regular tetrahedron 
of atoms of the other kind (e.g., the Cl atoms) is 
inserted (see Fig. 47). If all the lattice points in a 
crystal lattice of the zinc blende type were occu¬ 
pied by atoms of the same kind, the resulting 
crystal lattice would be of the diamond type (Vol. I, 
Fig. 79, p. 420 ‘ 

Coppcr{I) bromide and copper(I) iodide have 
the same structure as coppcr(I) chloride. The edge 
length a of the unit cube is 5.41 A for CuCl, 5.68 A 
for CuBr, and 6.05A for Cul. The shortest inter¬ 
atomic distances (^a) are Cu«-»C 1 2.34, Cu«-*Br 
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Fig. 47. Unit cubic cell of coppcr(I) 
chloride (zinc blende type). 

a ='5.4* A 


2.46, and Cu^I 2.62A. These dbtances unlike those in typical ionic structures, e.g., in the 
crystal lattice of the alkali halides, are not equal to the sums of the apparent ionic radii 
(2.81,2.96, and 3.20A, respectively). This is true not only of the coppcr(I) halides, but of 
all compounds crystallizing with the zinc blende structure. It is also true of substances 
crystallizing with the Wurtzitc structure (an example of which is beryllium oxide, Vol. I, 
p. 258), and also with the cuprite structure (see above p. 379). The crystal lattices of the 
zinc blende, wurtzite, and cuprite types are, * incommensurable* with the typical ionic lattices 
(Goldschmidt). They are, however, commensurable among themselves and with the crystal 
lattices of most free elements. Grimm and Sommerfeld (1926) have advanced the hypo- 
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thesis that the structural units in the zinc blende and wurtzite types are un-ionized atoms. 
If un-ionized atoms are involved in the structures ofcopper(I) chloride, bromide, and 
iodide, we might expect to obtain the apparent atomic (covalent) radii of Cl. Br, and ! by 
deducting the apparent (covalent) radius of the copper atom, obtained from the crystal lattice 
of the metal, from the shortest interatomic distance in the halidestructures. We then obtain 
^Ci ^ ^^'34 '-27) = 1.07A, ^ (2.46—1.27) = 1.19A. Tj = (2.62—1.27) = 1-35A. 

Since silver iodide can also cr>'stal!ize W'ith the zinc blende structure, the atomic radius 
of iodine can also be calculated from its cr>stal lattice. The value so obtained. 
Zj = (2.81 — 1.44) = 1.37A is in satisfactory agreement with that deduced from the cuprous 
iodide structure. It must be mentioned however that there are many arguments against the 
assumption that zinc sulfide, cuprous oxide, cuprous chloride, etc., have purely covalent 
structures. It is therefore still open to dispute whether incommensurability of the zinc 
blende and other structures with the typical ionic lattices should be explained on this basis. 

The ability of the cuprous halides to form addition compounds with PHj can also bo 
correlated with their assumption of the zinc blende structure. PH, has a much smaller 
dipole moment than has NH,, and in consequence can only add on to substances with par¬ 
ticularly high polarizing power. In particular, it combines with compounds forming 
molecular lattices, such as the halides of Ti(IV), Sn(IV’). and .A 1 (Holtjc, 1930), and also 
with halides crystallizing with the zinc blende structure, such as CuCl, CuBr. and Cul and 
Agl precipitated from aqueous solution. The compounds CuCl • PH,, CuBr • PH,, 
Cul • 2PH3 and 2Agl • PH, were obtained by Scholder (1934) by the action of PH, at low- 
temperatures on solutions of the metal halides in concentrated alcoholic solutions of the 
halogen hydrides. The compounds readily decompose forming the corresponding phosphi¬ 
des. The silver halides .AgCl and AgBr crystallizing with the rock salt structure, are unable 
to add on PH,. 

Copper(I) iodide (as also silver iodide) combines with tertiary alkyl phosphines to give 
compounds R,P^CuI of a different type. These arc reasonably stable, do not have the 
properties of salts, but are soluble in inert organic solvents. Exactly analogous compounds, 
R,As^CuI are formed by trialkyl arsines. These are tetrameric in organic solvents (mole¬ 
cular weights determined ebullioscopically in benzene. cr>’OScopically in benzene and 
ethylene dibromide). The structure of the tetrameric molecular complex has been deter¬ 
mined by X-ray analysis. The molecule is essentially tetrahedral, with a copper atom at 
each vertex and one R3AS (or R,?) group linked to each Cu, and lying on the lines joining 
the center of the tetrahedron to each vertex. The iodine atoms occupy positions above the 
center of each face of the tetrahedron of Gu atoms. Every copper atom therefore forms four 
tetrahedrally disposed covalent bonds (by the use of the jp* hybrid orbital set which is 
available for the Cu"*^ ion)—one to theR,As group, and three to I atoms. 

Whereas the silver compounds RjP-^Agl and R,As-*-AgI have the same Structure 
as the copper compounds, the gold(I) compounds (CHjOjP-^AuCl and (C#Hj)3p-»'AuCl 
arc known to be monomeric in benzene solution [See Mann, Wells and Purdie, J. Chem, 
Soc., (1936) 1503, (1937) 1828]. 

Coppcr(I) bromide and iodide correspond completely to the chloride, both in chemical 
behavior and in crystal structure. Copper(I) bromide forms pale greenish-yellow crystals, 
melting at about 500®. Copper(I) iodide may be prepared by heating copper with iodine 
and concentrated hydriodic acid, or by the reaction of copper(II) sulfate solution with al¬ 
kali iodides, preferably with the addition of a reducing agent such as SO, or NagS203. It 
is a white powder, which generally has a somewhat browmish color, due to admixed iodine. 
Like CuCl, CuBr and Cul readily form complexes both with ammonia and with halogen 
acids and alkali halides. They are therefore soluble in the concentrated solutions of these 
substances. Their solubility in water is even smaller than that of CuCl; it amounts at room 
temperature to 2.0* lo"* mole of CuBr or 2.2 • lO"* mole of Cul per liter. Copper(I) 
fluoride, CuF, is formed by the action of HF on CuCl at temperatures above 1000®; it is a 
ruby red, transparent, crystalline mass, which is insoluble in water. It was found by Ebert 
(1933) to crystallize also with the zinc blende structure, a = 4 . 255 -^» Cu«->F = 1.84A. 

The cyanide and the thiocyanate of +1 copper are closely related in properties 
to the halides. 
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;'r::opy:r7i)';-'pRx ?v:nidcra'rc'r„o:n, solutions of alkali coppcr(I) cyanides are 
used in . Icetrodcpositing, as baths for copper-plat,ng. 

,n„ C»/,/.,(/, ,.,er,rana„ CuSCN, is il a^ttlrp^pr^ 

solution of a coppcrill) salt containing a j ^ I, dissolves in concentrated thiocyanate 

insoluble in water and in cold ammonia in the 

solutions, yielding soluble complex salts. PP . readily evolved again; this corn- 

cold. forming a black from w ic been obtained as a white 

pound has the composition aCuSCN ; readily loses ammonia, 

crystalline powder from aqueous solution. This substance also y . , • , 

is decomposed by water. . 

(W) Copf,er(l) catau. Oxalic acid or potassium oxalate throws down a P’‘"^P^ 

from a solution of cuprous chloride in concentrated hydrochloric acid. It has been assumed 

that this is the oxalate of unipositivc copper. 

in water. 

(vin) Copperil) sulfide, Cu,S, is formed in almost quantitative yield, as ^ blackish 
lead-grey crystalline powder, by heating copper(II) sulfide, CuS, together with 
some^sulfurjn a stream of hydrogen*. It occurs in Nature m chomb.c crystals as 
copper glance or chalcocite-, density 5.785. m.p. 1130 • I‘ solidifies from ‘h' ‘ 

IL crystals. It is also found in this form in smelter products.Copperd) sulfide 
conducts the electric current fairly well, though not so well as the copper{II) 
compound. The cubic coppcr(I) sulfide obtained by fusion is a much poorer 

conductor than the rhombic form. 

Cubic copper(I) sulfide, like the alkali sulfid« Li.S and Na,S, is anthhot^ic with 
fluorspar (c^Fig. 6,, Vol. I, p. ^65.) ; a = 5-56A at .70°. 

(iqi6) only a fraction of the lattice points belonging to Cu atoms are occupied, so that the 
cubi sulfide is deficient in copper, and has the composition Cu,.S. '•''e rhomb-c sulfide 
has the normal composition Cu,S. Its ccystal structure is more complicated, and is retained 

at higher temperatures. 

Copper(I) sulfide is practically insoluble both in water and in amrnomum 
sulfide solution. Complex double sulfides can be obtained by other methods, how¬ 
ever, and may be regarded as addition products of copper(I) sulfide and alkali 
polysulfides. Thus by dropping an ammoniacal copper sulfate solution into am- 


• This reaction was formerly frequenUy used for the gravimetric determination of copper. 
However, coppcr(I) sulfide begins to lose sulfur as soon as the added sulfur is coMumed, so 
that it cannot be obtained in the perfecUy pure state m this way. It is obtained pure by 
heating copper, cither in a mixture of hydrogen and hydrogen sulfide, or in a stream of 
carbon dioxide which is first passed through a wash botUc filled alcohol, and 

then charged with sulfur vapor by a simple procedure described by Hahn {Oer. 63 U 930 b 
1616]. 
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monium polysulfidc solution, tlie compound NH4[CuS4) can be obtained as garnet 
red needles. 

(tx) Copper nitride, CusN, can be prepared by passing dry ammonia gas at 250' over pre* 
cipitated copper(I) oxide or copper(II ) oxide, or over copper(II) fluoride. It is a dark olive- 
green powder, with density 5.84, and is anti-isotypic with ReOs- The heat of formation is 
—17.8 kcal per mol ofCusN (Juza 1938). Above 300®, copper nitride decomposes into copper 
and nitrogen. It is decomposed by chlorine, with the formation of CuClj, and by hydrogen 
chloride to give CuCl. 

(x) Ammoniates of Copperf) Salts. Copper(I) salts generally have a strong ten¬ 
dency to form addition compounds (ammoniates) with ammonia, as has already 
been shown by various examples. The ammoniates obtained from aqueous solu¬ 
tions generally correspond to the type [Cu(NH3)2]X. These complex compounds 
are often more stable than the simple salts from which they are derived. Thus the 
ammoniate of copper(I) sulfate [Cu(NH3)8]2S04 is obtained well crystallized, in 
white hexagonal lamellae, by dissolving copper(I) oxide and ammonium sulfate 
in aqueous ammonia in the absence of air, or by reducing a solution of coppcr(II) 
sulfate, supersaturated with ammonia, by means of hydrazine sulfate; by contrast, 
it has not been possible to prepare the .simple copper(I) sulfate in the uncom- 
plexed state. 

If metallic copper (or some other metal such as magnesium or zinc) is allowed 10 react 
with an aqueous solution of copperfll) sulfate, a considerable proportion of the copper 
present in solution may be converted to the unipositive state. Nevertheless, the solution still 
contains no appreciable amount of Cu+ ions; instead, the +1 copper is present almost 
exclusively in the form of an anionic complex. 

Solutions of copper(I) ammoniates are completely colorless if no dipositive 
copper is present. 

As Bjerrum (1934) has shown, [Cu(NH3)l+ and [Cu(NH3)J+ ions are present in the 
solutions in equilibrium with one another. Both are considerably more strongly complexed 
than the copper(II) ammine ions (cf. p. 390). The solutions do not contain copper{I) 
ammine ions with more than 2NH3 per Cu atom. 

Numerous complex salts of the above mentioned type are also known containing 
other nitrogen compounds in place of ammonia—e.g., aniline, pyridine, quino¬ 
line, phenylhydrazine, thiourea. As an example, the thiourea addition compound 
[Cu{CS(NHg)a}2]N03 • HjO may be mentioned; this compound is noteworthy 
in that the simple copper(I) nitrate is unknown, 

(xt) Copper hydride. When an aqueous solution containing two molecules of hypophos- 
phorous acid for each molecule of copper sulfate is warmed to 40 or it slowly deposits 
a red-brown precipitate, consisting of a very unstable compound of copper and hydrogen. 
If the compound is filtered off and dried, it evolves hydrogen when heated. If heated in air, 
it catches fire and the hydrogen burns. The precipitate is also extremely easily oxidized in 
the moist state, even in the cold. The compound of which it consists has therefore not been 
obtained in; the pure state, but is generally given the formula CuH. This Cu : H ratio is in 
agreement with the experiments of Hiittig. Hiittig, however, thought that the water (which 
cannot be removed without some decomposition of the compound) might be in some way 
essential to its structure. According to Hiittig the compound has a face-centered cubic 
structure with the cube edge length a — 4 ' 33 ^> expanded copper lattice. According 

to Bfadley (1926), however, the copper atoms in it form a lattice of the magnesium type 
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(hexagonal closest packing) with . = 2.89A, c = 4-6. A. Hagg {. 93 <) considered that in this 
structure the H atLs should be arranged like the S atoms m the 

radius so obtained for the H atom is the same as it possesses m the compounds TiH, ZrH, 
and TaH. The solid copper hydride is thermodynamically unstable. Its heat of formation 

Another ^l^cwise urlstablcranhydrous solid copper hydride, probably 
acter, was obtained by Pietsch (1931) by the action of atomic hydrogen on superficially 

roughened copper. 


(b) Copper(n) Gompoands 

(i) CoppeT{n) oxide [cupric oxide), CuO, occurs native in the form of melaconiU, a 
black earthy weathering product of copper ores. The oxide also has been fbur^ 
crystallized, in black triclinic tablets [Unorite), in the lava of Vesuvius. It is ob¬ 
tained artificially by heating copper, in the form of turnings or wire, to a red heat 
in air, or by ignition of the nitrate or carbonate. Copper oxide obtained in this 
way is amorphous, and possesses a marked adsorptive power for gases. The den¬ 
sity of copper oxide is 6.3 to 6.4. Copper oxide exerts an appreciable dissociation 
pressure of oxygen even below lOOO^ This dissociation pressure is considerably 
diminished through the dissolution of the resulting coppcr(I) oxide in the cop- 
per(II) oxide. CuO can be reduced by hydrogen to copper even below 250“, or 
more readily by carbon monoxide. 

Cupric oxide is used in the glass and enamel industry for green and blue tints, 
and also for the production of copper ruby glass. For the manufacture of the latter, 
small amounts of copper oxide, together with a reducing agent (generally tin{II) 
oxide) are dissolved in the molten glass. A colorless glass is first obtained, but this 
takes on a fine red color after the subsequent re-heating. This ‘temper color’ is due 
to metallic copper, distributed through the glass in colloidal form (cf. also ruby- 

gold glass). 

Copper(II) oxide acts as an oxidizing agent in the Cupron cells. It is also used 
as an oxidizing agent in organic analysis. It finds application in medicine, princi¬ 
pally in the form of salves. 

The crysul lattice of copper(II) oxide (tenorite) can be called a triclinicaUy deformed 
rock salt structure. It would be obtained from the rock salt lattice (Fig. 44, Vol. I, p^. 209.) 
if the edges of the cell were set obliquely to each other, (a = i , ^ = 86®25 , y = 
93«35'), and their lengths made unequal [a — 3 - 74 ^» b — c — 4.67A). The tenonte 1 *^* 
is commensurable with the typical ionic structures, whereas the cuprite lattice is not. The 
heat of formation of CoO is 33.0 kcal per mol (Wohler, 1933). 

(») CoppeT[II) hydroxide, Cu(OH),. is deposited as a voluminous blue precipi¬ 
tate, when coppcr{II) salt solutions are treated with alkali. It is generally obtained 
in the form of a gel, which dries out to a powder of variable water content, and 
changes into black cupric oxide on warming, even in contact with the aqueous 
solution. It can also be obtained in crystallized form, and can then be dried at 
100® without undergoing any decomposition; it has a composition corresponding 
to the formula Cu(OH)|. 

Freshly precipitated copper hydroxide is markedly soluble in caustic alkalis. 
Violet solutions are obtained at moderately high alkali concentrations; the 
copper hydroxide is present in these predominantly in the colloidal state. The 
solutions are deep blue at very high alkali concentrations, and contain the copper 
hydroxide in true solution, in the form of hydroxo-anions. Copper hydroxide is 
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thus amphoteric; nevertheless its character as an anhydro-acid is only very weakly- 
developed. 


The salts derived from copper hydroxide, functioning as an anhydro-acid. arc- called 
hydfoxocupraUs{lI) or cuprites. The sodium salt Na,[Cu(OH),]. was first obtained in the 
^^allme state by Muller (1923). Scholder (1933) showed that it loses one molecule of 

> becoming black at the same time through decomposition into CuO and 

second HjO molecule is not given off even at ^oo*^, but only on melting with 
KjCrjOj, according to: 

K,Cr, 0 , + aNaOH = KjCrO, + Na,CrO^ -f HjO. 

It follows from this that the compound is not the dihydratc of an oxo-salt Na 2 (Cu 02 ]- 
2HjO, but is a hydroxo-salt. Alkaline earth hydroxocuprates have also been prepared by 
Scholder: Sr[Cu(OH),] • H^O (blue violet), Sr2(Cu(OH)6] (bright blue) and Ba2[Cu(OH),] 
(sky blue), as well as halogeno-hydroxocuprates, c.g., Nas[CuCl( 0 H)e(H, 0 )J • 6 H -0 A 
pyrocatechato-hydroxocuprate, Na,[Cu(C 6 H, 0 ,),( 0 H)(H, 0 )] • bH^O was earlier des¬ 
cribed by Weinland (1923). 

Copper hydroxide dissolves in aqueous ammonia with a deep blue color; 
Cu(OH)j + 4NH3 = [Cu(NH))4](OH)2. The solution (Schweizer’s reagent) has 
the property of dissolving cellulose. The cellulose is precipitated again from the 
solution by addition of much water or by acids. Use is made of this in the manu¬ 
facture of artificial silk. 


Schweizer’s reagent is most simply obtained by treating copper, in free access of air, with 
aqueous ammonia solution, preferably containing some ammonium chloride. The com¬ 
pound [Cu(NH3)4](OH)j • 3HjO can be isolated in long azure blue deliquescent needles 
by evaporating the solution in a stream of dry ammonia. 

(Hi) Copp^(Il) fiuoride. Copper(II) fluoride separates from solutions of the hydroxide or 
carbonate in an excess of aqueous hydrofluoric acid, as light blue small crystals with the 
composition CuF, • 2H,0. The water can be eliminated by heating in a current of HF; 
anhydrous CuF, remains behind as a white crystalline powder (m.p. 950°), which can 
also be obtained directly by dry methods. It crystallizes with the fluorspar structure a — 
5.41A. Its heat of formation from the elements is 129 kcal. [von Wartenberg (1939)]. 
Coppcr(II) fluoride is sparingly soluble in cold water (4.7 g in 100 g of H, 0 ). It is decom¬ 
posed by hot water, with the deposition of a basic fluoride Cu(OH)F. 

(iV) Copper{II) chloride^ CuCl,, forms a dark brown deliquescent mass in the 
anhydrous state (m.p. 498'’). It crystallizes from water between 26® and 42® C as 
the dihydrate in sky blue rhombic needles (density 2.47). These turn dark green on 
exposure to traces of water. Copper(II) chloride not only has an extraordinarily 
high solubility in water, but is also easily soluble in many organic solvents such 
as alcohol, acetone, and pyridine. 


Above 42*, the monohydrate is stable in contact with the solutipn, between 25.7“ and 
15.0° the trihydrate, and below 15® the tetrahydrate (Boye 1933), Solubility, ingof CuCl, 
per 100 g of solution: at o®, 40.7; at 20®, 42.2; at 25®, 43.3; at 50®, 45.0; and at 100®, 52.6. 

X-ray analysis of the crystal structure of CuCl, and CuBr, shows that the crystals con¬ 
tain extended chains, 


Cuw 


.Xv^ .X^ .Xv^ /X\ 

^ Cujf Gu^ Gu^ Gu{f 
"^X^ ^X/ ^X'^ ^ 


in which (as in most copper(II) compounds of known crystal structure) the Cu*+ ion. is 
surrounded by a square of coplanar linked atoms or groups. The distance Cu<-^Br = 
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2.40 A; each also has two more distant Br neighbors, at 3.18 A. The dlhydrated 

chloride also has a structure based on square complex groups, 


Cl 


H ,0 


7 ^ 


Cu 




OH, 


Cl 


I he same complex groups are present in the salt 2KCI ■ CU^iom^eten 

the solid state to consist of [{H, 0 ),CuCI,] neutral ‘“"V.ve SenTowTto 

though complex anions exist in solution. The complex salts M-[CuCl,] have been 

consist of infinite chains of [CuCI,] groups, linked by the sharing of Cl atoms [Wells, 

niTsolution of chloride in a very small amount of vs^ter is dark ^rown; on 

dilution it first turns green, and with further dilution pale blue. On . 

trated hydrochloric acid, even the highly dilute solutions become ^eemsh again. A tairly 
concentrated copper(II) chloride solution in concentrated hydrochloric acid is 
cr.-en at ordinary temperature and brown when hot. The very dilute solutions show the 
color of coppcrfll) Ions (sky blue). Auto-complexes arc present in the concentrated solu¬ 
tions and the solutions treated with hydrochloric acid contain complex compounds with 
hydrochloric acid, which can be Uolalcd in the crystalline state from the so ution. Thus 
Engel obtained the compound CuCI, • HCl ■ 3H,0 in dark garnet red needles; Sabatier 
obtained hyacinth red needles of the composition CuCI, • 2HCI • 5H,0. Numerous com- 
nlex chlorides are also formed by copper(II) chloride, particularly those of the lyp« 
NI'lCuCM and M',[CuC!,]. whereas CuCI predominantly forms such compounds of the 
types M'[CuCl,l and M',[CuCl3) (Remy. 1933). The chlorocupratcs(l) arc colorless; the 
anhydrous chlorocupratcs(II) are yellow to brown as a rule, and those conuming water of 
crystallization are mostly pale blue to bluc-grcen*. 


A concentrated aqueous solution of copper{II) chloride can absorb consider¬ 
able quantities of nitric oxide, at the same time turning a black-brown color. 
When the solution is diluted the nitric oxide is evolved again with effe^escencc. 

Ammonia is added on still more readily. An aqueous cupric chloride solution, 
saturated with ammonia, yields a pentammine containing water of crystalliza¬ 
tion when it is evaporated at o®. The hexammine, CuCI, • 6NH„ can be prepared 
by passing well dried ammonia gas into a solution ofcopper(II) chloride in ethyl 

acetate. • • l r\ 

Copper(II) chloride was formerly used as an oxygen carrier in the Deacon 

process. It is at present chiefly used as an oxygen carrier in the preparation of 

organic dyestuffs. It is employed in pyrotechnics to produce green flames. It also 

finds medical application. It is prepared technically by dissolving cupric oxide or 

copper carbonate in hydrochloric acid, or often also by the reaction of copper 

vitriol with barium chloride. 


(y) Copperill) bromide, CuBr„ forms brilliant, almost black, crystals when anhydrous. It 
evolves half its bromine when it is heated to a red heat. It separates from soluUon with a or 
4H,0, depending on the temperature, in brownbh green crystals which deliquesce 
The anhydrous salt is converted into the hexammine, CuBr, • 6NHj, by a current of dry 
ammonia below 20®. 

When a solution of hydrobromic acid or an alkali bromide is treated with copper(ll) 
bromide it turns a purple red color. The color change indicates that complex formation 
takes place in this case also. Weinland was able to isolate a complex acid of the composition 
CuBr, • HBr • ioH, 0 , in the form of brilliant black needles. Complex bromides of the 
types M'CuBfj and M'jCuBr, have abo been obtained crystalline. 


• The lithium salt LiCuCl, • 2H,0 is garnet red, like the HCl addition compound. 
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(w) Copper{II) iodide. When a copper sulfate solution is treated with potassium 
iodide, copper(II) iodide is formed initially. Tliis readily decomposes, however, 
into copper(I) iodide and iodine: 

Cu^-+ + 2I- = Cul,; Cul, = CuI + iI, (i) 

Double iodides exist, e.g., Cul, • 2NH4I • 2NH3 • 4HjO, deep green needles, insoluble in 
water. 

(vii) Copper{JI) sulfate, CuSOj, is a white powder when anhydrous (density 
3.64); it is turned blue by the absorption of water, and is therefore used for the 
detection of water in organic liquids, and also as a drying agent. When heated it is 
decomposed into CuO + SOj -f- ^Oj. 

Copper sulfate crystallizes from aqueous solutions as copper (blue) vitriol, 
CUSO4 ■ 5H,0, in azure blue transparent triclinic crystals, which effloresce super¬ 
ficially in the air. The density is 2.286. Blue vitriol is the most important copper 
salt technically. It finds application for killing algal growth in water, in the prepa¬ 
ration of mineral pigments, for the impregnation of wood against dry rot, for the 
preservation of bird skins, and for the treatment of cereal seeds. It is also employed 
to make Bordeaux mixture (a mixture of blue vitriol solution and milk of lime) 
which is used as a fungicide for fruit trees and grape vines. Copper vitriol is also 
used for making up copper plating baths, and in Daniell and Meidinger cells. 
It also finds application in the organic dyestuff industry and in leather dyeing. 
It is used in medicine as an astringent, a caustic, and emetic. 

Blue vitriol is manufactured by dissolving scrap copper in hot concentrated 
sulfuric acid (eqn 2) or better and more economically, by treating copper with 
warm dilute sulfuric acid in an ample supply of air (eqn 3). It is also frequently 
prepared by dissolving copper oxide, which may in some cases be obtained by 
roasting sulfide ores, in sulfuric acid (eqn 4). 

Cu -F 2HJSO4 = CUSO4 -F aHjO -F SO, (2) 

Cu -F HiS 04 -F iO, = CUSO4 + H ,0 (3) 

CuO -F H,S04 = CUSO4 + H ,0 (4) 

Copper vitriol also occurs native in many places, especially in Chile. The native copper 

vitriol is also called chalcanthite. In addition, a basic copper sulfate, CUSO4 ' 3 Cv(C3H)j 
occurs as brochantite. Copper vitriol is also prepared by dissolving these natural sulfate ores 
in dilute sulfuric acid. 

When copper vitriol is heated, the water is eliminated in successive steps. The trihydrate 
is first formed, then the monohydrate, and complete dehydration takes place only above 
200®. 

The crystal lattice of the pentahydrate is that of a distorted octahedron, each Cu'*'^ ion 
being surrounded by four H ,0 molecules and by two O atoms belonging to different S04~ 
groups. The fifth HjO molecule is not bound coordinatively to the copper ion, but is sur¬ 
rounded by two HjO molecules and by two O atoms of the SO4- groups (Lipson, 1934). 

Copper sulfate forms well crystallized double salts with the sulfates of strongly electro¬ 
positive metals and radicals (sulfato salts). Most of them correspond to the type M‘aS04 • 
CUSO4 • 6HgO, and are pale greenish blue in color. Rieger showed by means of trans¬ 
ference experiments that complex sulfato anions of copper arc present in the solution of the 
monoclinic potassium double salt K2S04 • CUSO4 ■ 6HjO (which is isomorphous with 
(NH 4 ),S 04 • MgS 04 • 6 H, 0 ). 
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Thr solubility of copper sulfate in water is: at o“ 14.8, at 15® 19.3, at 25 ^t 50 

r, and at 100“ 73.6 g of CuSO^ in 100 g of water. The saturat^ solu ion boils at 104.0 . 

Above about 105“! the trihydratc is stable in contact with 

I hc action of dry ammonia gas on anhydrous copper sulfate yiel^ the 
CiiSO. • =iNH3, as a blue-violet powder. It is interesUng that this conuins as many NH, 
moh c^lcs-^as copper vitriol docs ?J.O molecules. In moist ai^ it «cha"ges the 
st< p by step for water molecules, forming first CUSO4 * 4NHj • then CuSO, 

2NH3 ■ 3HjO. The pentammine dissociates into CuSO* • 4NHj and NH, on gentle war- 

minK; the dissociation pressure is one atm. at 90°. 

If an aqueous solu.ion of copper sulfate is saturated with ammonia, the compoul^ 
C’uSO • aNH, • H.O crystallizes out on evaporation. The same compound may be obtained 
by the action of ammonia gas on solid blue vitriol. It forms dark azure blue, transparent, 
long rhombic prisms, and is very soluble in water (i : 1.5). The aqueous solution is not 
stable when diluted, but gradually deposits basic copper sulfate. 


(viU) Copper nitrate, Cu{N03)„ is very soluble in water, and crystallizes from the 
solution with a water content which depends on the temperature. It can also 
separate out anhydrous as a white or somewhat greenish crystal meal, from solu¬ 
tions rich in nitric acid. 


The trihydratc forms deep blue prisms, suble in air (m.p. 114.5®). The hexahydrate 
has the form of blue tablets. When heated, it begins tojiquefy above 26°, with the elimina¬ 
tion of water. The enneahydrate is stable below —20°. 

A so-called basic nitrate crystallizes from a copper nitrate solution to which copper 
hydroxide is added, and has the composition of a double compound of copper nitrate and 
copper hydroxide, Cu(NO,), • 3Cu(OH),. It occurs native as gerhardtite. Werner regard^ 
it as a hex-ol salt (cf. p. 390). Its structure is probably similar, however, to those of the 
basic salts of cobalt and nickel discussed on pp. 298 and 314 et seq. 

(ix) Copperlll) nilriu. A blue-green solution is first formed when copper di^lves in nitric 
acid The color is considered to be that of copper(II) nitrite, although the nitrite cannot be 
obtained in the free sutc. The nitrate is formed with evolution of nitric oxide when a 
solution which contains only Cu^^ and NO,- ions (obtained for example by double dccom- 
position of CUSO4 with Pb(NO,),) is evaporated. The so-called basic copper nitrite 
Cu(NO,), • 3Cu(OH),. which was regarded by Werner as a hex-ol salt, can be 

isolated It crystallizes in fine needles, sparingly soluble in water and in alcohol. The ni¬ 
trites derived from the ammines of the copper(II} ion arc likewise suble, as also are various 
triple nitrites corresponding in composition to the general formula 


2M«N0, • M«(NO),), • Cu(NO,),. 


(x) Copperill) acetaU. The monohydratc of cupric accUtc generally c^tallizes 
from solutions of copper oxide in acetic acid in dark blue green monocUnic prisms. 
It can also be obtained by recrystallization of verdigris from acetic acid, and when 
prepared in this manner it is also known as purified or crystallized verdigris. The 
rhombic pentahydrate crystallizes at lower temperatures. • 

Ordinary verdigris is a mixture of basic cupric acetates. It is prepared artifici¬ 
ally by repeatedly moistening copper plates vrith vinegar and exposing them to the 
action of the air. According to the conditions green or blue verdigris is so obtained. 
It finds application as an oil and water pigment and for the preparation of other 
copper pigments; also in pharmacy, and in combating mildew. It serves for the 
preparation of the ‘‘gilder’s wax” for fire gilding. 

Cupric acetate can form readily soluble double salts with other acetates,-e.g., with 
ammonium acetate. 


(xi) copper carbonate. A simple neutral carbonate of copper 
obtained. Well crystallized basic carbonates are well known. 


has never yet been 
however, and arc 
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frequently found native. Aialachite, a basic carbonate of the composition CuCOj • 
Cu(OH) 8 , is widely distributed, though seldom found in large amounts. It often 
occurs in emerald green monoclinic needle-shaped cr>'stals, mostly growing in 
bundles, but more often in dense or fibrous green masses. The likewise monoclinic 
blue azurite has‘the composition qCuCO, • Cu(OH) 8 . It has been found in parti¬ 
cularly beautiful crystals at Chessy, near Lyons, and is therefore also called 
chessylite. It is used as a painters’ pigment under the name of azurite, and also for 
blue flare mixtures in pyrotechnics. In moist air it gradually changes into green 
malachite. This adversely affects its use as a pigment. 

A basic carbonate of the composition CuCO, • Cu(OH), • 0.5H8O is obtained by the 
action of Na,COg on CuSOi in aqueous solution. It changes into malachite when heated 
to 200°. According to Binder (1937) it gives the same X-ray interference pattern as mala¬ 
chite, and is to be regarded structurally as a malachite into the crystal lattice of which 
H ,0 molecules are inserted. 

Of the double carbonates of copper, the potassium salt KjCOj • CuCOj may be men¬ 
tioned; according to the experimental conditions it crystallizes cither anhydrous as a dark 
blue powder, with iH ,0 in bright blue silky needles, or with 4HjO in large greenish-blue 
plates. 

(xit) Copper{ll) oxaUtU is precipitated by oxalic acid, or better by alkali oxalates, from 
cupric salt solutions as a bright blue precipitate of the composition CuCjOf * HjO. It is 
insoluble in water, soluble in strong acids, but insoluble in an excess of oxalic acid. 

Copper(n) oxalate dissolves in a sufficient excess of alkali oxalates forming soluble, 
double salts which may be also obtained in the solid state. Most of the double salts corre¬ 
spond in composition to the formula M'8C804 * CuCgO* * 2H3O. Cupric oxalate also dis¬ 
solves in aqueous ammonia. The pentammoniate, CUC8O4 • 5NH3, crystallizes when a 
hot saturated solution of CUC4O4 in ammonia is allowed to cool. 

{xiii) Copper{II) cyanide, Cu(CN)a, is obtained by reaction of cupric salt solutions 
with small amounts of CN“ ions, as a brownish yellow precipitate which rapidly 
changes at ordinary temperature into cuprous-cupric cyanide 2CuCN • Cu(CN)2, 
and completely into cuprous cyanide on warming: Cu(CN )8 = CuCN + i(CN)2. 
Complex cyanides may be obtained from solutions containing excess alkali cyani¬ 
de, e.g., Kj[Cu(CN) 4], white hexagonal crystals, very soluble in water. 

(xiv) Copper{!I) thioiyanaU, Cu(SCN)„ can be prepared by the dissolution of copper(II) 
hydroxide or carbonate in concentrate aqueous thiocyanic acid, or by precipitation from 
a concentrated cupric salt solution by potassium thiocyanate. It is a velvety black powder, 
which is decomposed by water, or more quickly by solutions of alkali thiocyanates, with the 
formation of c^per(I) thiocyanate. In the presence of water it acts as a strong oxidizing 
agent towards certain organic substances such as indigo. Both the solubility in water and 
the stability of cupric thiocyanate are enhanced in the presence of ammonia, through the 
formation of complex ammoniates. Depending upon the temperature and the ammonia 
concentration, the products may be cither [Cu(NH3)j][SCN]„ fairly sparingly soluble 
light blue needles, or [Cu(NH8)4][SCN]„ readily soluble dark blue plates. A monohydrate 
of the latter in the form of violet needles has also been obtained. A pentammoniate is ob¬ 
tained from liquid ammonia. 

{xv) Ammoniates ofCopper{II) Salts. Dipositive copper forms a still greater range 
of ammoniates or ammines* than unipositive copper. The two types, [Cu(NH3)8]X8 
and [Cu(NH,)4]Xj, are most frequently encountered. 

♦ The distinction between ammoniates and ammines corresponds to that between hy¬ 
drates and aquo compounds. Ammoniates are addition compounds with ammonia, quite 
generally. Compounds specially designated ammines are those in which the NH3 groups 
are attached to particular atoms or ions, forming strong or weak complexes, i.e., not merely 
included in lattice cavities. 
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Equilibria are established in solutions containing ammonia and ammonium chloride, 
between the ions [CuNH,]'N [Cu(NH,),]^^ 

rCu{NIE).U*.AsBjciTum(i93i) has shown, from determinations of equilibrium constants, 
the tetrammine ions always strongly predominate, except at quite small ammonia concen¬ 
trations. At high ammonia concentrations, pentammine »ons arc abo formed, out ^ex- 
ammine ions do not exist in the solutions. In agreement with this, Brintzmger (1935) found 
by the dialysis method (see Vol. I. p. 299-) that the cations in fomomacal solutior«ofmost 
copper salts had an ionic weight corresponding to the formula [CujNHjlJ .It is note¬ 
worthy. however, that in ammoniacal copper sulfate and 

weighis corresponding to the formulas fCaj(S04)(NH3)4]*'*’ and [Cu,(Se04)(NH,)4] . 


Organic nitrogen compounds such as aniline, pyridine, and quinoline, may be 
combined in place of ammonia. Examples of such ammines have already been 
mentioned, among them compounds derived from simple salts which are not them¬ 
selves stable. 


(xi^i) So-called Hex-ol Salts 0/ Copper. Dipositive copper forms a whole scries of salts with 
the general composition CuX, • 3Cu(OH)j. Werner regarded these as hex-ol compounds, 
i.e.. as compounds in which six hydroxyl groups, attached to the metal, were bound by 
coordinate covalences to the central atom as represented by the general formula (1). 



The structure of these compounds has not yet been worked out by X-rays; nevertheless, on 
the basis of X-ray structure determinations of other basic salts, which Werner also regarded 
as hex-ol salts—e.g., the basic cobalt and nickel halides of analogous composition (cf. p. 298 
and 314)—it appears that Werner’s idea must be considerably modified. Examples of basic 
copper salts of this type arc provided by the minerals atacamite, (p. 3®7)> brochantitc 
(P- 387). gerhardtite (p.388), andlangitc (CUSO4 ■ 3Cu(OH), • H,0). Further, basic salts 
of similar composition have been prepared artificially, in which X = Br, (NO,), (CIO,), 
(IO4), or i(S,0,). As far as their crystal form has been investigated they all dbplay the 
rhombic-bipyramidal habit. 

Werner regarded the pigment Schweinfurt green as related to the type of ‘h«ol 
salts. This compound, formed by adding Schcele’s green, CuHAsO,, gradually to boiling 
acetic acid, contains 3 molecules of copper arsenitc to each molecule of copper acetate. 
Werner formulated it as (II), analogous to the ‘hexoF salts, but as for the case of apatite, 
which Werner also assigned to thb group, thb formula must be modified (cf. p. 102). 

Other compounds analogous to Schweinfurt green arc known, in which the ions of 
trichloracetic acid, propionic acid or formic acid replace the acetate ion. 


{xvii) CoppeT{Il) sulfide, CuS, is obtained as a black precipitate when hydrogen 
sulfide is passed into solutions of copper(II) salts. It is insoluble in water and in 
dilute strong acids. In the absence of acid it forms colloidal dispersions rather 
readily. When it is moist, it also undergoes partial oxidation to copper sulfate in 
air. When it is intended to separate the precipitate by filtration from the solution 
in which it was precipitated, it must therefore be washed with water containing 
hydrogen sulfide and a little acetic acid. 

Copper(II) sulfide occurs in nature as covellite (copper indigo) in dull, rather 
soft, blue-black lumps, which furnish an indigo-blue powder (density 4.68) when 
they are ground up. Large, well formed crystals are but rarely found. They belong 
to the hexagonal system. The crystal structure of copper(II) sulfide is rather 
complicated. 
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ANALYTICAL (COPPER) 

Copper(II) sulfide has a fairly good electrical conductivity. It is converted into 
copper(I) sulfide* by strong heatingin theabsenceofair, or when it is gently heated 

in hot, moderately dilute nitric acid, 
but only wuh great difficulty in boiling dilute sulfuric acid. Copper sulfide is 
practically insoluble in sodium and potassium sulfide solutions. It is somewhat 
soluble, however, in ammonium sulfide, and still more soluble in alkali poly¬ 
sulphide solutions. Polysulfides of copper—e.g., CuS, and Cu^Ss—have been 
prepared by mixing copper(II) salt solutions with alkali polysulfide solutions, 
and- by other methods. They are difficult to obtain pure. 

The solubility of CuS in alkali polysulfide solutions increases considerably with the content 
of polysulfide sulfur, and also with increase in concentration and in temperature. Potassium 
polysulfide dissolves more CuS than the corresponding sodium salt (Hditje, 1935). 


4* Analytical (Copper) 

Copper compounds yield red metallic flakes, or a ductile red bead, soluble in 
nitric acid, when they are heated with soda on the charcoal block before the 
blowpipe. The solution turns deep blue on addition of ammonia. Hydrogen sul¬ 
fide produces a black precipitate in the acid solution, and potassium hexacyano- 
ferrate(II) (ferrocyanide) a red-brown precipitate of copper(II) hexacyanofer- 
ratc(II), Cu,[Fe(CN),]. The latter reaction is very sensitive. 

In the course of systematic analysis, copper comes into that part of the hydrogen 
sulfide precipitate which is insoluble in ammonium polysulfide, although cop- 
pcr(II) sulfide is slightly soluble in ammonium sulfide, and more so in the poly¬ 
sulfide. 

In the oxidizing flame, copper colors microcosmic salt yellow when hot and 
greenish blue when cold. The bead becomes opaque and red brown in the re¬ 
ducing flame, through formation of copper(I) oxide or metallic copper. 

Formation of K,PbCu(NO,)j, which exists as brown-black tetragonal prisms, is a very 
convenient mlcroanalytical test (Limit of detection 0.03 y Cu). The drop reaction with 
rubeanic acid [(S=C—NH,)J, with which copper forms an inner complex salt, is still 
more sensitive (limit 0.006 y Cu). Suitably applied (Fcigl, 1930), this reaction enables a 
minimal concentration of copper to be directly detected in alloys. 


Copper may be determined gravimetrically by precipitating copper(II) sulfide, 
which is weighed as copper(I) sulfide after ignition in a current of hydrogen and 
hydrogen sulfide or a current of carbon dioxide charged with methyl alcohol and 
sulfur vapor. It may also be weighed as copper(II) oxide after ignition in air. 
Alternatively, copper is electrodeposited as metal and weighed as such. The latter 
method is the most accurate. Determination as copper(I) .thiocyanate, by precipi¬ 
tation with ammonium thiocyanate in the presence of sulfurous acid, is also very 
reliable (cf. p. 382). 

Copper may also be determined volumetrically—e.g., iodometrically, by 
treating copper sulfate solution with potassium iodide and titrating the iodine 
liberated (cf. p. 387). 


• Sec footnote to p. 382. 
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Ephraim (.930) recommends salicylaldoxime, C.H.(OH)CH = NOH^ ^ a reagent Iot 
the detection, and especially for the determination of copper, since it enables ^ 

precipitated quantitatively from acid solutions in the presence of other met^s It fum«hes 
with Cut* ions in acetic acid solution a light greenish yellow precipitate 
Very small amounU of copper can conveniently be determined colonmetncally wi* sodium 
diethyl dithiocarbamate (Ensslin, t94t). Copper can also ^ accurately determined 
graphically (Remy and Michaelsen, 1941). For the detection and determination of copper 

with Rcineckc’s salt sec p. 149. 


5. Silver {Argentum, Ag) 


(a) Occurrence 

Silver occurs in Nature chiefly as the sulfide^vcTy often in association with other 
sulfides—e.g., those of lead, copper, antimony, and arsenic. With the two latter, 
double sulfides are formed, which may be regarded as thio salts—e.g., the ‘dark 
red silver ore’ (antimonial silver blende, pyrargyriu) is a silver thioantimonitc, 
AgsSbSj. With this, in lesser amounts, occurs ‘light red silver ore’ (arsenical 
silver blende, proustite), a silver thioarsenitc, Ag.AsS,. Both crystallize hexagonal, 
but the same compounds are also very rarely found as monoclinic crystab of 
fire blende and xanthocone. Another monoclinic mineral, silver antimony glance (miar- 
gyrite, hypargyrite, also occasionally known as dull silver ore) can be considered 
to be silver metathioantimonite, AgSbS,; it is rather rare. Silver glance {argentite), 
AgjS, is an important silver mineral, occurring particularly in Mexico and South 
America. Silver sulfide is almost invariably present in small amounts (up to 1%) 
as an isomorphous admixture in galena. It also forms mixed crystals with copper 
glance, Cu,S; varieties poor in silver are known as or silver copper glan¬ 

ce, those richer in silver Si&jalpaite. 

DiscrasiU (antimonial silver), Ag,Sb, and polybasiu, a mixed sulfide of silver, copper, and 
antimony, are also occasionally found with silver ores. Considerable quantities (up to 32%) 
of silver may also be present in argentiferous tetrahedrite. The cubic eerargynU (horn silver), 
AgCl, is frequently found in Central and South America, but is otherwise rare, as also is 
bromargyriu, AgBr (also cubic) and the hexagonal iodargyriU, Agl. Silver also often occurs 

native, sometimes in well formed cubes and €>ctahcdra. 

The most important silver producing countries are at present Mexico, the United States, 
and Canada, each of which produces more silver than the entire output of Europe. In 
• 937 » ^ world production of 8734 tons of silver, Mexico contributed the 

United States 25.4%, and Canada 8.2%, while Europe produced 7.7%. 

(b) Preparation 

In addition to the silver ores proper, the argentiferous ores of lead, zinc, and 
copper provide the raw materiab for the extraction of silver to a large extent, as 
abo frequently do the residues from the roasting of pyrites. 

Large quantities of silver are obtained as a by-product of the smelting of argen¬ 
tiferous galena. Two processes are in use for the recovery of the—generally very 
small—amount of silver in the lead so obtained: the Paitinson process and the 
Parkes process (zinc desilvcrization). 

In the Pattinson ^loccss (invented 1833), the molten silver-lead is allowed to cool slowly, 
and the pure lead which then crystallizes out u ladled out of the melt. The silver-lead sys¬ 
tem has a eutectic at 2.6% silver, melting at 303*, whereas pure lead melts at 326®. Hence, 
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when an alloy poor in silver is cooled, lead must first separate—in theory, until the silver 
content of the melt has risen to 2.6*^^. In practice, it is not difficult to obtain a lead with 
more than 2®o of silver. This is then melted in a cupelling furnace. The lead is thereby 
oxidized to litharge, which runs off the surface, and the silver remains behind. 

In the process devised by Karsten and Parkes, the lead of low silver content is heated to 
the melting point of ztne, and zinc is stirred in. The affinity of zinc for silver is greater than 
that of lead, so that the zinc extracts the silver (with some lead also) and separates as an 
emulsion on top of the melt. If the temperature is slightly lowered, this solidifies, and can 
readily be removed from the melt. The zinc is first distilled from the zinc froth, and the 
silver is then separated from the remaining lead by cupellation. 

If the lead is initially relatively rich in silver (e.g., lead with more than o. 1% silver), it 
can be cupelled directly. 

Cupellation is often effected in two stages, the first being carried only to the stage of a 
silver-lead alloy with 50—80% silver (so called ‘Blcileder’). Cupellation is then completed 
in a smaller furnace. Often, however, cupellation is carried out so as to give ‘Blicksilber’ 
with 90% silver, or even further, in a single process. 

The argentiferous copper ores are also of great importance for the extraction of 
silver. After these have been smelted for matte or black copper, the copper can be 
leached out by treatment with moderately concentrated hot sulfuric acid, leaving 
the silver as a residue. However, as has already been mentioned, argentiferous 
black copper is usually refined electrolytically, whereby the silver may be re¬ 
covered from the anode slimes. 

Since 1841, argentiferous copper ores have been treated at the Mansfeld smelters by 
Zicrvogel’s method. The silver sulfide present in them is converted to silver sulfate by 
careful roasting at 700-800*', and this is then leached out with water. 

The processes described are often used also for smelting silver ores which are free from 
lead or copper. In such cases, galena or copper ore is added before smelting. This isdonc^ 
especially with ores rich in silver. Ores poor in silver are treated by processes which enable 
the silver to be extracted at ordinary temperature, if for any reason it is not possible to 
smelt them with copper or lead ores. The amalgamation process, and various processes based 
on the dissolution of silver chloride by thiosulfate solutions* were formerly used. The Augus¬ 
tin process, which attempted to utilize the solubility of silver chloride in concentrated sodiun 
chloride solution, may also be mentioned. All these methods have now been superseded 
however, by cyanide leaching. 

Prior to 1914, the amalgamation process was in use especially in Mexico and South 
America. It was based on the ease >vith which silver amalgamates with mercury. Even 
when present as the chloride, silver is taken up by the mercury, the chloride being decom¬ 
posed. Other silver ores must first be converted to silver chloride by a chloridizing roast. 

At the present time, ores with a low silver content, which are not suitable for 
smelting for copper or lead, are almost invariably treated by cyanide leaching. This 
process can be applied directly to silver sulfide, as well as to silver chloride. It is 
based on the fact that silver compounds are dissolved by alkali cyanides, with the 
formation of complex cyanides. 

Where silver is present as the sulfide, the following reaction occurs: 

Ag,S + 4CN' 2[Ag(CN),]- + S=. 

Since an equilibriiun is set up, the S” ions must be removed in order that the reaction shall 
proceed as far as possible to the right. This is effected by blowing air in, whereby the S- 
ions are converted into SgOg^, S04= and SCN- ions. The silver can be thrown out of the 
cyanide solution as metal by the addition of zinc dust. 

* Silver sulfide can readily be converted to the chloride by a chloridizing roast. 
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(c) Purification of Silver 

As extracted by the methods described, silver almost always contains a little 
gold, and generally copper abo. It is purified either by affination or by electrolytic 

refining. 


Thv term affiliation is applied lo the purification of silver by treatment with hqt concen¬ 
trated sulfuric acid. Silver thereby goes into solution as silver suHate, and gold remains as a 
me allic csiduc. Copper is also converted to its sulfate, which is, however, only very 
rghtly soluble in concentrated sulfuric acid. The silver may be precipitated from the sola- 

lion as the metal by adding sheets of copper or iron. -i . u 

Flcctrolvtic refining is more widely employed, [/o] In this process, plates of the silver to be 
refined whic h should have only a low content of copper and lead, arc suspended as anodes 
n very dilute nitric acid or silver nitrate solution. Lead and copper also go into solution 
Lt... .l^rtrolvsis but as lone as the concentration of the less noble metals is not very 
high"rompared with that of silver, only sliver is deposited at the cathode. Gold falb to the 
bottom at the anode, undLssolvcd. The ‘electrolytic silver’ obtained in this way has a purity 

of oo.Q'i or better. .. , , 

For the clectrodcposition of silver from argentiferous gold, sec p. 410. 


Silver is a .loble metal, which exhibits a beautiful white luster, capable of taking 
a higii polish. In hardness it is intermediate between copper and gold. Next to 
cold it is the most ductile of all metals, and it has the highest electrical and ther¬ 
mal ’conductivities of all the metals (Specific electrical conductivity of silver, in 
reciprocal ohms: x = 6.73 • to> at o«, 6,14 • to* at 18°, 6.07 • io‘ at 20». Thermal 
conductivity: X = 1.006 cal. cm"' sec-' degrees-' at 18”). Silver crystaUizes in the 
cubic system (forstructure, see p. 362). The crystal structure is retained even in the 
' small particles of colloidal silver, as Scherrer showed by X-ray diffraction method. 


Silver forms an unbroken series of mixed crystals with gold and also with palladium, which 
immediately precedes it in the Periodic Table. Its miscibility with copper in the solid state 
is only very limited, however (cf. p. 1.). This is connected with the fact that go d and palla¬ 
dium not only have the same lattice type (face-centered cubic) assilver, but also differ very 
little in cell dimensions (a = for Ag 4.077. Au 4.070, Pd 3.88 A), whereas although copper 
has the same crystal structure, its cell constant is considerably smaller (a = 3.61 A). 

In the liquid state, silver is completely miscible with copper and with many other metab. 
Its miscibility with chromium, manganese and nickel is very limited, in both the liquid and 
the solid states*, and it is immiscible with iron and cobalt. It abo forms no compounds with 
these elements, and so far as is known, combines with none of the metab of Sub-groups IV 
to VIII, except platinum. It abo forms no compounds with its homologues copper and 
gold, but forms several compounds, all of variable composition, with the metab of the Ilnd 
and Illrd Sub-groups. It forms many compounds with the metab of the Main Groups, but 
none with Na, Tl, Ge, Pb, and Bi, or with the non-metals B and Si (cf. Tables 39, 40, 

PP- 364-5 and 366). 


Silver forms amalgams with mercury. These are most readily obtained by 
shaking metallic mercury with silver nitrate solution. Mercury thereby passes 
into solution—Hg + Ag*- = Ag + iHg,++—and the dbplaced silver forms crys¬ 
talline compounds with the remaining metallic mercury. These form long lustrous 
needles (‘arbor Dianae’), and are stated to have the composition Ag5Hg4, AgjHg,, 
and AgsHg. Compounds of different composition have been obtained by crys¬ 
tallization from molten alloys (cf. Table 40, p. 366). 


* 


Silver b completely 


immbcible with chromium in the solid state. 
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As accords with its character as a noble metal, compact silver does not unite 
directly with oxygen*; it can, however, in the molten state dissolve considerable 
quantities of oxygen. The greater part of this is given off again upon solidification. 
The outer surface of the solidifying melt is thereby torn apart by the gases evolved 
from within, often with such violence that the silver spurts. This phenomenon has 
long been known as the ‘spitting’ of silver. Silver oxide, Ag^O, which can be ob¬ 
tained indirectly, is decomposed by even gentle heating. Ozone, however, reacts 
directly with silv’er, especially on gentle warming (240°). It blackens the silver, 
forming silver(II) oxide or silver peroxide. The reaction can be used for the detec¬ 
tion of ozone, and if a freshly polished silver sheet is used (traces of iron oxide 
remaining on the surface have a catalytic action), the test is very sensitive. 

White phosphorus also dissolves freely in molten silver, and a portion of the phosphorus 
is given off again as vapor, and spurting occurs, when the melt solidifies. However, solid 
silver can also contain quite appreciable amounts of phosphorus. Of the compounds listed in 
Table 39, p. 364-5 only AgPj and AgP, are stable. The compounds AggP and AgjPj can be 
obtained from solution, by double decomposition reactions, but not by the direct union of 
their componenets. 

Silver has a great affinity for sulfur. Moist hydrogen sulfide blackens silver, 
forming Ag,S. The tarnishing of silver objects when they are exposed to air is due 
to the superficial formation of this compound. I'he free halogens also slowly 
combine with silver to some extent, even at ordinary temperature. 

Pietsch (1931) found that silver reacted with atomic hydrogen at ordinary temperature, 
forming a solid, colorless, salt-like hydride, AgH. It can also react with ordinary hydrogen 
at high temperatures, forming traces of a gaseous hydride (cf. p. 363). 

Silver is not attacked by aqueous solutions of non-oxidizing acids in the abse.nce 
of air, as accords with its position in the electrochemical series. When it is heated to 
red heat in hydrogen chloride gas, however, it reacts, with the liberation of hy¬ 
drogen : 

aAg -f- 2 HCli= 52 AgCI -t- H, -f- 17.2 kcal. (i) 

As indicated by this equation, the reaction leads to an equilibrium. According to Jouni- 
aux (1898), if one starts with one atmosphere pressure of either hydrogen chloride or hy¬ 
drogen at ordinary temperature, and heats in a sealed tube, 92.8 volume-% of hydrogen 
chloride gas and 7.2 volume-% of hydrogen are in equilibrium with Ag’ + AgCl as solid 
phase'at 6oo®**. At 700*, the corresponding figures are 95% and 5.0% by volume, respec¬ 
tively. Thus the equilibrium (i) is displaced to the left with rising temperature, as required 
by the Lc Chatelier principle. It follows further from the Le Chatelier principle that the 
equilibrium will also be displaced to the left by a reduction of the pressure. This was con¬ 
firmed by Joimiaux. 

In contact with water containing dissolved air, silver goes into solution according to (2), 
even though to only a minute extent: 

2Ag + H ,0 + O, = 2Ag+ + 2OH-. (2) 

The increase in pH, of the solution, due to reaction (2), has been detected. 

* Presumably a very thin oxide film is formed on silver at ordinary temperature, and 
protects the metal from further attack. The oxide film cannot grow to any appreciable 
thickness on compact silver, since at ordinary or slightly elevated temperature the rate of 
diffusion is too small (cf. p. 754). At higher temperatures, however, silver oxide is no longer 
stable. Finely divided silver can absorb appreciable quantities of oxygen at 170-180“, with 
the formation of oxide. 

* • Equilibrium is established only very slowly below 600®. 
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Oxidizing acids (c.g., nitric acid, concentrated sulfuric acid) readily dissolve 
silver. This is in contrast with the behavior of gold, which can therefore be separat¬ 
ed from silver by treatment with these acids (cf. pp. 394 > 4 lp)* ^ir has access, or 
if hydrogen peroxide is present, silver also readily dissolves in alkab cyamd^e solu¬ 
tions; unlike copper, however, it does not dissolve with the Hberation of hydrogen. 
Silver is only slightly attacked by fused caustic alkalis; the attack is greater if 
potassium nitrate is added to the melt., 


(e) Uses 

Metallic silver is used especially for jewellery and utensils, [ 8 ,g] but for other 
purposes also—e.g., for chemical apparatus (crucibles for alkaU fusions), for 
medical instruments, and in the electrical industry (fuses). [//] 


The unpleasant smell and taste often acquired by sUver utensils after long use are due, 
accordine to Raub (1934) to the superficial formation of compounds of silver with orgamc 
Xrtm^unds. Copper and copper alloys behave like silver in thu respect, but ofo« 
metals do*not. The smell and taste can readily be removed by boiling with very dilute 

^^The value of currency was formerly based upon the price of silver. Even today, very large 
quantities of silver—possibly as much as half the annu^ tn minting 

coins. For coinage, and for most other purposes, silver is ployed wth other metals (gene¬ 
rally copper), since pure silver {‘fine silver’) is too soft. Engluh Sterling Silver u 92 5 
silver Silver jewellery and utensils usually conuin 80% silver. The eutectic m the silver- 
copp« alloys contains 28% copper, and melts at 77^; i* thus melts almost 2 ot‘> ower than 
cure silver. The admbeture of copper with silver first becomes clearly evident from the 
color when the copper content exceeds 50%. SUver solder usua^y contains of 

zinc in addition to 20-35% of copper. Objects made of bw metals may be sUvered either 
by applying a coating (rolled silver), or in a furnace (Sheffield plate), or galvanic^ly. 

Fine silver was formerly generally used for chemical ecimpment (e.g., crucibles for alliji 
fusions). Silver alloyed with a small quantity (o.i-o.2%) of mckel is more suited for this 
purpose, however (Frohlich, 1939). The nickel hinders the recrysullization of the silver, 
which leads to brittleness and cracking of the metal after long heating, and does not sigm- 
ficantly increase its susceptibility to chemical attack* 


Silver salts and other silver preparations have wide application. The most im¬ 
portant salt is silver nitrate, which is the usual starting material for the prepara¬ 
tion of other silver compounds. Very large quantities are consumed by the photo¬ 
graphic industry. Colloidal silver is frequently used therapeutically, since it has 
excellent bactericidal properties while being relatively non-toxic towards the bodily 
organs. One of the oldest preparations of this kind is Collargol (argentum coUoidale), 
green or blue-black meullic lustrous leaflets, which disperse in a little water to a 
turbid, but in much water to a clear, colloidal dispersion. Protargol, (argentum 
proteinicum), a yellow or brown powder, is also widely used. These colloidal 
silver preparations contain varying amounts of organic substances—mostly al¬ 
bumen or its degradation products—as protective colloids. 

The bactericidal properties of silver ions (which do not, however, extend to spores also) 
may be observed at extraordinarily great dilutions—down to about 2 • iO“*‘ g-ions per 
liter (the 'oligodynamic action of silver’, discovered by von Naegeli, 1893). Metallic silver 
displays this action only when it is contaminated at some spot, so that local corrosion cur¬ 
rents are formed whereby traces of silver pass into solution. In preparations of colloidal 
silver, thb condition is invariably fulfilled, because of the impurides present. 
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6 * Compounds of Silver 

The compounds of silver are almost all derived from the unipositive state, so that 
the familiar compounds correspond to the general formula AgX. In a few com¬ 
pounds, silver functions as dipositive {cf. p. 407 et scq,), and even tripositive silver is 
known in the form of some derivalis'es. 

(a) Silver(I) Compounds 

Many compounds of silver are practically insoluble in water and, in many cases, 
in acids also {cf. pp. 363, 399). The salts of silver which are readily soluble in water 
include the fluoride, nitrate, chlorate, and perchlorate.* 

The acetate and sulfate also dissolve fairly well, especially when heated, as also 
does the nitrite 


The Ag"*" ions are colorless, as also are the salts mentioned above, with the exception of 
the pale yellowish nitrite. The silver ion not infrequently forms colored salts, however, with 
colorless anions; these are usually yellow—e.g., Ag^PO,. AggAsOa, AgjCO,, Agl. AgBr 
is pale greenish yellow, Ag3As04 is chocolate brown, AgjS black.Combination of the silver 
ion with an anion which is already colored often leads to an intensification of the color— 
e.g., AgjCr04 is red brown (K,Cr04 yellow), Ag,Cr, 0 , deep red (K,Cr, 0 , orange). The 
color of the silver periodates varies from yellow (AgjHjIO*) to black (AgJO,). 

The brown black oxide of silver, Ag^O, is extremely sparingly soluble in water. 
It imparts a perceptibly alkaline reaction to water, however, since the dissolved 
portion is hydrated to AgOH, which is almost completely ionized to Ag+ and OH “ 
ions. 

Many silver salts—e.g., the nitrate and sulfate—can form mixed crystals with the corre¬ 
sponding sodium salts. 

Most of the silver salts which are insoluble in water dissolve immediately on the 
addition of certain substances, such as ammonia, sodium thiosulfate, potassium 
cyanide, etc. This is because silver has a strong tendency to form complex ions. 

The following are the most important silver complex ions detected in solution by equili¬ 
brium measurements: 

[Ag(NH,)J+ [Ag(CN)J*- [Ag(SCN),]»- [Ag{S, 0 ,).]>- [Ag,^]^- 

[Ag(CN),]«- [Ag(SCN) 4 ]*- [Ag(S.O,),]»- [Agl 4 ] 3 -** 

[Ag(NOj)j]^'" (less strongly complexed) 

The species of complex ion which predominate in a solution cannot be directly inferred 
from the composition of the salts which crystallize from it; the composition of the solid 
phase is determined also by the other ion which builds up the crystal lattice, jointly with the 
complex ion, during crystallization. 

Hein (1935) obtained two optically active, isomeric forms of a complex compound of 
silver with hydroxyquinoline, in which silver had the coordination number 4. It may be 
inferred from this that the ligands are arranged in tetrahedral configuration in the com- 

* Silver perchlorate is not only readily soluble, but is actually hygfroscopic. On the other 
hand, [Ag(pyr)JC104 (obtained by treating a silver nitrate solution containing pyridine 
with NaC104) i* sparingly soluble. 

*♦ Various transition forms, such as [Agjlj]*-, [AgjI,]*-, probably exist between 
[Ag,!*]*- and [Agl4]»-. 
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picxcs of 4-coordina,c univalen, si.vor ^he silv«(I) 

platinum, palladium, and other metals of .Sub-group VIII (see p. 349 ). “ 
complexes of copper(I). 


from those of 
resemble the 


(b) Silver{I) Oxide . 

Silver oxide Ag.O, is formed as a brown-black precipitate when OH ions 
are added to solutions of silver salts. It may be assumed that silver hydro>“de, 
AgOH, is first formed, and that this at once passes into silver oxide by loss of 

water: 

Ag+ + OH- = AgOH; aAgOH = Ag ,0 + H, 0 . 

The precipitate obstinately occludes some of the precipitant (alkaU or alkaline 
earth^hydroxidc). If the precipitant is not completely halogen-free, silver halide 

K Drccioitiitccl with the hydroxide, • • j* * 

A suspension of silver oxide in water has a distinctly alkahne reaction, indicat¬ 
ing that the reactions shown by the equations above can be reversed, even if 
only to a slight extent. If the silver ions present in the solution of silver oxide are 
removed by reaction with halide ions, more silver oxide must pass into solution m 
order to maintain equilibrium. The solution may become strongly ennehed in 
hydroxyl ions by this means. This property of exchanging halide lom (or other 
i,L forming insoluble silver compounds) for hydroxyl ions is often utilized in pre¬ 
parative chemistry. Silver oxide prepared for this purpose is customarily stored 
under water, since the preparation is not readily wetted again properly by water 
if it is once dried. Silver oxide abo 6 nds medicinal applications; it is frequently 
used for this purpose in colloidal form, as prepared by precipitation m the pre¬ 
sence of protective colloids (albumen, etc.) ( Syrgol). 

In water with a CO, concentration in equilibrium with the air, the solubility of silver 
oxider. . -To ‘ molpcrliterat . 8 ° (Remy). In absolutely CO.-free water U is less (0.5? • 
,o-‘ mol. per liter at V, Laue, 1927)- The solubility is dimmish^ dfil 
amounts of OH' ions, but increased by higher concentrations. According to Lauc, 
fn" e^^in sSubility U due to the formation of [AgO]-ions in the Wrongly a^me so t. 
tions This implies that silver hydroxide has not only basic properties but ^o, in very 

slight degree, acidic character. On the assumption that the dissolved silver oxide is present 

alLst efclu;ively as dissociated silver hydroxide. AgOH. it follo^ from 

ments that the proportion undergoing acidic dissociation (i.e., 11, rkvdmxide 

about 10-* of that dissociating as a base. In a solution containing o.oi-Af alkali hydroxide, 

the extents of acidic and basic dissociation arc about equal. 


The heat of formation of silver oxide from its elements h 7.02 kcal, the free 
energy of formation A F° is —2.45 kcal at 25^ (Benton, 1932). In accordance with 
its small free energy of formation, silver oxide begins to lose oxygen when only 
gently heated (just delectably at 160°; the oxygen pressure reaches i atmosphere 
at 185 to 190°). Decomposition ukes place even at ordinary temperature on exp^ 
sure to light. Silver oxide is reduced by hydrogen at a temperature as low as 100°. 
It reacts vigorously with hydrogen peroxide at ordinary temperature: 

Ag,0-|-H,0, = 2Ag + H,0+0,. 

% 

Silver oxide is readily soluble in ammonia solution, forming complex compounds. 
As was first noticed by BerthoUet, such solutions on long standing deposit dark 
precipitates, which arc extraordinarily explosive^ even in the mobt state—e.g., 



f) 


COMPOUNDS OF SILVER 


399 


‘fulminating silver’, AgjN (not to be confused with silver fulminate, AgONC’, and 
silver azide, AgNg, which are also explosive). 

If a compact crust of fulminating silver has formed upon the surface of an ammo- 
niacal silver oxide solution, it is impossible to pour the liquid out without an 
explosion occurring. 

The crystal structure of AgjO resembles that ofCujO (body-centered cubic): a = 4.74 
Ag*-»0 = 2.05 A. 

No oxide of silver lower than AgjO exists. The products formerly believed to be such 
lower oxides are mixtures of AgjO and Ag, as has been proved by X-ray diffraction (Levi, 
■i924)- 

(b) Silver(I) Halides 

Of the halides of silver, the fluoride is very soluble, and the others sparingly 
soluble. The iodide is the least soluble. The most important properties of the silver 
halides are summarized in Table 41. 

TABLE 41 

HALIDES OP SILVER 



AgF 

AgCl 

AgBr 

Agl 

Formula weight 

126.88 

»43-34 

187.80 

234.81 

Density 

5-85 

5-56 

6.47 

5-67 

Color 

white 

white 

pale yellow 

yellow 

Melting point 

435“ 

450° 

4'9“ 

552*^ 

Solubility, mols per liter at 25* 

very sol. 

1.31 • 10-* 

0.725 • I0~* 

1.00 • lO”* 

Crystal system and structure 

cubic 

cubic 

cubic 

a-AgI cubic 

type 

NaCl 

NaCl 

NaCl 

zinc blende 

a 

= 4-92 A 

a = 5.54 A 

a = 5.76 A 

a = 6.48 A 

^-Agl hexag. 
wurtzite, 

a = 4-59> 
c = 7.52 A 
y-AgI cubic, 
random struct, 
see p. 402 

Heat of formation, kcal per mol 

46.7 

30-<3 

23-70 

15-34 


(i) Silver fluoride, AgF, obtained by dissolving silver oxide in hydrofluoric acid, is very 
soluble (1 part in 0.55 parts of water at 15“), and crystallizes as the hydrate (with i or 
2HgO, according to conditions) from solution. The anhydrous salt forms a flaky crystalline 
mass. One volume of the anhydrous compound can absorb 844 volumes of ammonia. 
Double compounds AgF • HF and AgF • 3HF haye been obtained from solutions containing 
excess hydrofluoric acid: It is not known whether these are fluoro acids, or addition com¬ 
pounds analogous to the hydrates (‘fluorohydrates ). 

(ii) Disilver fluoride. A concentrated solution of AgF is able to dissolve silver, as was first 
observed by Guntz (1890). Disilver fluoride, Ag,F, is thereby formed, and separate from 
the soluUon in bronze colored hexagonal crystals, with a greenish luster (density 8.6). It 
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is of interest because it deviates in composition from the type of the normal valence com¬ 
pounds. Its structure is anti-isotypic with Cdl, (brucite structure, Fig. 6i, p. a6i, Vol. I), 
and it thus has a layer lattice structure, unlike AgF, but its constitution is otherwise as yet 
unknown. 


(m) Silver chloride, AgCl, is thrown out of solution as a white, curdy precipitate 
wlien Ag^ and Cl" ions are mixed. It occurs native as horn silver (cerargyrite). This 
silver ore, which is found in quantity only in America, forms soft transparent mas¬ 
ses of various colors (as the result of impurities), but is ordinarily pearl grey and is 
made up of usually very minute cubic crystals, with density 5.5-5.6. Silver chloride 
is practically insoluble in water. Itdissolves in ammonia, forming complexes, and 
also in concentrated hydrochloric acid. On evaporation of these solutions, it is 
left as a residue of very small cubes, easily recognizable as such under the micro¬ 
scope. Precipitated silver chloride melts at 450* to an orange yellow liquid, which 
solidifies on cooling to a horny mass, with considerable increase in volume. Silver 
chloride begins to vaporize appreciably above looo®, without any decomposition. 
It is polymerized to some extent in the vapor state. The boiling point is 1554* 
(von VVartenberg). 

Dry silver chloride absorbs ammonia to give the compounds AgCl • NH„ 
aAgCl ■ sNHj, and AgCl • 3NHj. These can also be obtained from aqueous solu¬ 
tions (the last mentioned, however, only when crysullization is carried out under 
high pressure). Equilibrium measurements have shown that aqueous ammoniacal 
solutions of silver chloride contain the complex ion [Ag(NH,),]+. Silver chloride 
also forms very soluble complex salts with sodium thiosulfate and potassium cya¬ 
nide. It is also appreciably soluble in concentrated solutions of other chlorides, 
abo as the result of complex formation. Its solubility in concentrated hydrochloric 
acid arises from the formation of complex acids, such as H[AgCl,]. 

Silver chloride is also quite soluble in hot concentrated nitric acid, as also arc silver 
bromide, silver iodide, silver cyanide, and silver thiocyanate. Double salts crystallize from 
the solutions—AgNOa • AgCl, colorless prisms, m.p. 160*; AgNO, • AgBr, m.p. i82*’ 
AgNO, • Agl, m.p, 94°; 2AgNO, • Agl, m.p. 105^ aAgNO, • AgCN; zAgNO, ■ AgSCN! 


The sensilivity of silver chloride towards light is of very great practical importance. 
The compound turns violet and ultimately blue-green on exposure to light, chlo¬ 
rine being lost and finely divided metallic silver being deposited. The use of silver 

chloride in photography—chiefly in photographic papers and for lantern slides—is 
based on this photosensitivity. 

If silver chloride is covered with water oc very dilute sulfuric acid, and zinc b 
added, reduction takes place according to: 


2AgCl -f Zn = 2Ag -h Zn++ -p 2CI-. 

Wbiicenus observe^ that thb decomposition enables silver to be obtained in a state of 

‘molecular silver’. Thb is conveniendy prepared by a 
methc^ described by Gomberg. Well washed silver chloride is covered ^di water, in a 
g aw battery jar, and a clay pot of fine porosity, containing zinc rod. b dipped in it A 
platinum foil is immereed m the silver chloride, and placed in metallic con^with the 
zinc by means of a platmum wire welded to it. To accelerate the beginning of the reaction 
a few drops of hydrochloric acid are added to the water in the clay pot, a^d then the level 
of the liquid in the clay pot is maintained always at a rather lower level than that in the 
outer jar, by means of a siphon, so that diffusion of zinc chloride out of the clay pot b 
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is washed, first with water and then (to 


(tt-) Silver bromide, AgBr. is very similar to silver chloride, but is still less soluble 
IS more easily reduced, and (of great technical importance) is more photosensi¬ 
tive. It IS obtained from solutions as a white to pale greenish yellow precipitate, 
according to conditions of preparation. The white form has the smallest particle 
size, and is therefore relatively the most soluble. It soon passes into the greenish 
ye lovy less soluble form on standing in contact with potassium bromide solution 
Silver bromide also occurs native, especially in Mexico, in the form of soft aggre¬ 
gates of regular crystals, of olive green to yellow color {hromargyrite or bromite), 
but almost always admixed with silver chloride. Silver bromide is used in large 
quantities for the production of photographic plates, films, and papers. It is 

prepared technically by the reaction of potassium bromide with silver nitrate in 
aqueous solution. 


In the photographic industry, silver bromide-gelatin emulsions are prepared 
by mixing gelatin solutions, containing potassium bromide, with silver nitrate. 
Silver bromide is initially formed in a state of extremely fine subdivision It is 
then made more photosensitive by a process of‘ripening’, i.e., by prolonged stan- 
ding m a warm place, so that grain growth occurs. 


(v) Stiver iodide, Agl, is even more insoluble than silver bromide. Its solubility 
product is so small that it is not dissolved to an appreciable extent even by con¬ 
centrated ammonia. 


The diammincsilver cations arc dissociated to a slight extent, even in concentrated 
ammonia solution, according to 


[Ag{NH3),]+ Ag+ -j- 2NH, (,) 

In a concentrated ammonia solution, the silver ion concentration due to this equilibrium 
IS considerably less than the silver ion concentration in solutions of silver chloride or silver 
bromide. Hence, in presence of these salts, reaction (1) proceeds from right to left. In an 
aqueous soluUon of sUver iodide, however, so few Ag+ ions are present that silver ammine 
complexes be formed only to a negligible extent. However, if sUver iodide subjected to 
reagente which complex the silver ion more strongly than ammonia does—c.g., the CN" 
lon the solution is so impoverished in silver ions that the ionic product falls below even 
Ac sm^l solubUity product of silver iodide ([Ag+][I-] = io-«), and even this particularly 
insoluble salt passes into solution. ^ 


appreciably soluble in concentrated hydriodic acid and in concentrated 
alkali iodide solution, especially if warm. Complex salts, such as K[AgI,] and K,[AgI.] 
have been isolated from such solutions, in the form of colorless crystalline compounds. 

Silver iodide precipitated fjrom solution is yellow. It gradually turns greenish-grey-black 
on exposure to light. On treatment with concentrated ammonia, silver iodide turns pure 
white, as a result of the formation of the compound Agl • JNH3. 

Dry silver iodide absorbs 0.5, i, 1.5 2, or 3 mole of NH, per formula weight, depending 
on the pr^ure, whereas silver bromide forms the same ammoniates as silver chloride. 
The stability of the ammoniates decreases from the chloride to the iodide. 

Silver iodide exists in three modifications (cf. Table 41, p. 399). Precipitation of silver 
iodide from aqueous solution, in presence of excess Ag+ ions, yields the a-modification, 
crystallizing with the zinc blende structure and stable at ordinary temperature.* This 
changes at 137® into the ^-modification, crystallizing in the wurtzite type structure. This 

* The modification stable above 146® is often referred to as a-AgI, and that stable at 
room temperature as y-Agl. 
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iiKKlification is obtained in the mctasiabJc state at ordinary temperature when preci¬ 
pitation Ls elTeeted in the presence of excess of I~ ions; conversion to the a-modification 
takes place wfien the precipitate is rubbed. The y-modification is stable above 146®. It 
forms a cubic crystal lattice, in which the I atoms occupy the comers and mid-point of the 
unit <(11 (( ub( of <'d^e 5.03 A), while the Ag atoms arc distributed at random between 42 
latti(e ‘lioles’. '1 he distance Ag«-»I is 2.80 A in a-AgI and 2.78 A in /?-AgI (at room tem- 
peraturci. In /’-Agl the distances var>' between 2.52 and 2.86 A (at 146®). 

1 he mcdification stable above 146" is particularly interesting in that, as Brst shown by 
Briini (1913^. its conductivity is purely electrolytic, and quite large. Tubandt (1920) 
pr<)\<(l that the current is transported exclusively by the Ag+ ions, the I” ions playing no 
part, rhe specific conductivity of >‘-.\gI at the transition point is 1.31 ohm~‘, whereas 
that of //-.-Xgl at the same temperature is only 0.00034. For comparison, it may be noted that 
thi specific conductivity of sulfuric acid of maximum conductivity is 0.739 ohm”' at 18®. 
.\t the mc-lting point (552'). the specific conductivity of y-AgI is 2.64 ohm”', and is thus 
.iciiially greater than that of the melt at the same temperature, which is only 2.36 ohm"'. 
On the other hand, with silver chloride and silver bromide, which are also pure electrolytic 
( cuiduciors*. the specific conductivity increases on melting from 0.12 to 3.76, and from 0.53 
to 2.7b. rcspeclivc-ly. The particularly high electrolytic conductivity of y-AgI can be 
understood in terms of the crystal structure found by Strode. The fact that the Ag'*' ions 
do not occupy definite places in the crystal lattice must considerably facilitate their migra¬ 
tion. However, the occurrence of electrolytic conduction does not necessarily presuppose 
that one species of ion should be distributed at random in the crystal lattice. The same pro¬ 
perty is also display<'d, although to a lesser degree, by compounds, e.g., AgBr and AgCI, in 
which all the ions arc bound in definite lattice positions. The possibility of ionic migration 
is then bound up with the lattice imperfections and disorder present in the crystal lattice 
(cf. p. 18 r/ seq.). 

•Silver i(xlidc is used in photography for the preparation of collodion emulsion plates. 
These arc exposed while still moist, immediately after preparation, are developed with 
iron(II) sulfate in the presence of silver nitrate, and are fixed with potassium cyanide 
solution. Silver iodide-collodion plates furnish particularly sharp images, but are little 
used because of the inconvenient technique involved. The oldest form of photography em- 
j>Ioying development, the Daguerreotype, depends on the photosensitivity of silver i^ide. 
Daguerre’s procedure was first to subject a silver plate to the action of iodine vapor (thereby 
producing a thin film of silver iodide), and then, after illumination, to expose it to mercury 
vapor, which condensed preferentially on the exposed portions of such a plate. 

(ei ) Use of Silver Halides in Photography. [r5,/d] 

The photographic plates and films in customary use today consist of glass plates, or thin 
strips of celluloid or cellite,** which arc coated with a layer of colloidal silver halide. This 
is usually a colloidal dispersion (emulsion) of silver bromide in gelatin, or less often in 
collodion. For special purposes (reproduction of drawings, and for transparencies and sli¬ 
des), silver chloride-gelatin plates, or plates with silver chloride and silver bromide, are 
used. These arc Ic'ss sensitive to light than the bromide plates, but are more ‘contrasty’ 
(‘harder’). Under the action of light, decomposition of the silver halide takes place in 
traces, where it is illuminated, forming extremely minute particles or nuclei of silver, which 
can be detected only in the ultramicroscope. For weaker or shorter exposures, the number 
of such nuclei is roughly proportional to the quantity of light falling on the emulsion. The 
emulsion bearing such a ‘latent image’ has undergone no change detectable to the eye, 
but if treated with suiubic reducing agents (‘developers’),*** moreof thesilver bromide is 

* Ag* ions are the sole current carriers in these salts also. An example of a salt in which 
only the anions transport current in the solid state is provided by lead chloride. 

*• Cellitc, (secondary) acetylcellulose, has the advantage of being far less inflammable 
than celluloid, which is prepared from nitrocellulose and camphor. As against this, it has 
the disadvantage of undergoing dimensional changes on wetting and drying. 

**♦ Various organic substances, such as hydroquinone HO—^— OH and metol 
fHO ^ NHj ■ CHj] HSO, are usually employed as developers. 
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reduced to metallic silver. In this [jroccss, the very fine particles of silver already [)roduced 
by the light act as crystallization centers (‘nuclei’) for the inelallir sil\ir. aiuJ facilitate 
deposition to such a great extent that reduction occurs almost exclusively in the immediate 
neighborhood of these particles-i.e., at the exposed places. The emulsion is therefore 
blackened at these |}oints. \\hen the blackening has rc-ached a sufficient depth, the silver 
halide still remaining unaltered is dissolved out by means ofa 'fixing bath’, since it would 
also ultimately be blackened if not remoxed. The usual fixing salt is sodium thiosulfate-, 
NajSjOa, but other compounds which will convert silver halides to soluble complexes 
potassium cyanide) may also be used. The picture thus first obtained is a negative. In it. the 
areas with the deepest blackening are those which have received the most light, i.e,, which 
correspond to the brightest parts of the original. To obtain a 'pouliir' with the proper dis¬ 
tribution oflight and dark, the process must be repeated in principle. Ibis is effected by 
printing. The negative is laid on a paper coated with a light-sensitive emulsion (or. to pro¬ 
duce a ‘diapositive’, on a plate or film). On exposure to light, the biat k«-ned areas on the 
negative protect the underlying emulsion from illumination, whereas the parts that are 
not blackened allow the light through. The distribution oflight and dark is thus once more 
reversed, to correspond with that of the original object. In making printing papers, silver 
chloride, or silver chloride-silver bromide emulsions, are usually employed in place of silver 
bromide, since the sensitivity to light need not be so high. Use is often made, also, of emul¬ 
sions in which blackening takes place during the exposure, so that development is not neccs- 
sar>-, and the paper requires only to be fixed (‘printing out paper’). When such papers 
arc used, the color of the image is unsatisfactory, and the paper must be ‘toned’ during or 
before fixing. Toning depends upon the replacement of silver by the more noble gold, b> 
immersion in a bath ofa gold salt solution: 3Ag + = 3.\g^ + .\u. Selenium com¬ 

pounds may also be used for toning, in place of gold. Especially fine pictures may be ob¬ 
tained by toning with platinum salts. The following papers are the most widely used for the 
production of prints. 


Developing papers 


Printing out papers 


Bromide paper 
Gaslight paper 


Celloidin paper 
Arislo paper 
Albumen paper 


Coating—silver bromide-gelatin emulsion 
Coating—silver chloride-silver bromide- 
gelatin emulsion 

Coating—silver chloride-collodion emulsion 
Coating—silver chloride-gelatin emulsion 
Coating—silver chloride-egg albumen 
emulsion. 


(d) Other Silver(I) Salts 

(i) Silver nitrate, AgNOj, which is technically the most important compound of 
silver, is usually prepared by dissolving metallic silver in nitric acid. If the metal 
contains copper, it is purified by precipitating the dissolved silver as chloride, by 
the addition of common salt; the chloride is reduced to the metal by means of 
zinc and dilute sulfuric acid, or by boiling with grape sugar or formaldehyde and 
caustic soda, and is redissolved in nitric acid. 

Silver nitrate forms colorless rhombic crystals (density 4.35) and is not hygro¬ 
scopic. Above 159.6° a hexagonal-rhombohedral form (density 4.19) is stable. 
It melts at 208.5°. Silver nitrate is very soluble in water. The solution is neutral 
in reaction and has a bitter metallic taste. The solubility increases considerably 
with rise of temperature (at 20°, 215 g of AgNO,, and at roo°, 910 g of AgNOj 
dissolve in 100 g of water). 


Silver nitrate is partly precipitated from its saturated aqueous solution by the addition 
of concentrated nitric acid. It is only moderately soluble in dilute ethanol (3.8 g in 100 g of 
92,5% alcohol at 15®) and in methanol. It is still less soluble in pure acetone (0.35 g in 
100 g at 15°) and in benzene. 
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Silver nitrate is readily reduced to the metal by many organic compounds—e.g., 
glucose, tartaric acid, paper. Tartaric acid deposits the metal upon glass in the 
form of a brilliant mirror from ammoniacal solution. This property is used both 
for the detection of tartaric acid and especially for the manufacture of mirrors. 
AII5ij men is coagulated by silver nitrate, which accordingly has a caustic and 
destructive effect on organic tissues. This property, and its disinfectant action, are 
the basis for its medicinal uses (lunar caustic). Great quantities of silver nitrate 
arc consumed by the photographic industry for the production of light-sensitive 
plates, films, and papers. 

Silver nitrate, together with barium nitrate (or chloride), is extensively used 
in analytical chemistry as a group reagent for acid anions. 

If any one of the ions C 1 -, Br-, I", CN-, SCN-, CIO", IO3-, [Fe(CN)a]3-^ [Fc(CN)a]*-, 
or S ’ is present in solution, a precipitate is obtained in the presence 0/nitric acid when Ag+ 
ions are added, usually in the form of silver nitrate. Anions precipitated by Ag^ ions from 
aceltc aetd solutions, but not from nitric acid, are: C,04=, Cr04=, Gr| 0 ,=, SO,=, S, 0 ,=*, 
PO3 , PjO,^ , HPOj" and BrOj~. Precipitated by Ag^ ions from neutral solution only are: 
PC\^ . -AsOi® , As 03*“ (or AsOj“), BO^*" (or BO|~), SiOj“ (or Si,05“),and many organic 
anions, such as C4H4O4 -. COj" also gives a precipitate with Ag+ in neutral solution. If 
tests for anions are to be carried out on a soda extract (as is usually the case), it is there¬ 
fore necessary to remove carbonic acid by acidifying and boiling, before cautiously 
neutralizing with ammonia and testing for the last named group of anions. 

Silver nitrate is also used as a reagent for arsine in the Gutzeit test (see Vol. I.p.66i). 

Silver nitrate forms double salts with potassium nitrate and thallium nitrate, and forms 
mixed crystals with sodium nitrate. Whereas there is a miscibility gap in the system sodium 
nitrate-potassium nitrate, extending from 15-76 moJ-% NaNO, at 218% the miscibility 
gap between sodium nitrate and silver nitrate in the solid sute at the same temperature 
extends only between 26 and 38 mol-% NaNO,. In both cases the miscibility gap becomes 
broader as the temperature is reduced. 

(li) Silver nitriu, AgNO„ is obtained as a pale yellow precipiute when NO,- ions are 
added to silver salt solutions. The solubility is 0.332 g in 100 g of water at 18'’, and in¬ 
creases considerably with rise of temperature. The salt crystallizes from hot solutions in 
very fine, almost colorless, rhombic needles. It combines with excess of nitrites to form 
complex salts of the type M‘(Ag(NO,),]. Abegg proved the presence of the ion [Ag(NO,),l- 
in solutions of these complex salts by means of electrometric measurements. 

Silver nitrite blackens in light. It also decomposes slowly in solution, especially on boiling 
according to the equation: zAgNO, = AgNO, + NO + Ag. The dry salt decomposed 
into Sliver and nitrogen dioxide when it is heated; AgNO, and NO are formed as the first 
intermediate products in this case also. 

Silver nitrite is used in preparative organic chemistry for the preparation of aUphatic 
nitro compounds and nitrous acid esters. 


(m) Silver sulfate, Ag,S04, forms colorless rhombic crystals (density 5.45, m.p. 

660 ). It is rather sparingly soluble in water (0.80 g in 100 g of water at 25®), 

and more soluble in dilute sulfuric acid. Acid sulfates —e.g., AgHSO,—crystallize 

from the solution in sulfuric acid, and are reconverted by water to the normal 

salts and free sulfuric acid. The sulfate is completely converted into silver chloride 

by fusion in dry hydrogen chloride: AgjSO, -f- 2HCI = aAgCl HjSO, The 

same double decomposition takes place in solution, in consequence of the insolu¬ 
bility of silver chloride. 

ions precipitated if they arc present in excess as compared with the Ag+ 
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Silver sulfate .s prepared either by dissolving silver powder or filings in < oncen- 
trated sulfuric acid-gAg + gH.SO, = Ag,SO, + SO, + .H ,0 -,„r In a,filing 
alkali sulfate or dilute sulfuric acid to a concentrated solution of silver nitrate - 
2 AgN 05 + Na^SO, = Ag^SO^ + 2 NaX 03 . 


Manchot (1924) found that a solution of silver nitrate in concentrated sulfuric acid uould 
absorb considerable quantities of CO, especially at low temperatures. No absorption orC (4 
takes place in dilute sulfuric acid solutions. 


(It-) Stlva- suljiie, Ag^SO^, is precipitated by adding sodium sulfite or sulfurous acid to 
Sliver nitrate so^tion. It is a white substance, sparingly soluble in water, which turns 

exposed to light. It is decomposed on boiling with water: 
aAgabOj — AgjSO^ + SO2 4 - 2Ag. Silver sulfite dissolves in dilute strong acids, with 
decomposition It also dissolves in solutions containing excess alkali sulfite, forming com¬ 
plex salts, chiefly of the composition M'{Ag(S03)). 

(v) Stiver thiosulfate, Ag^SjOj, is precipitated when sodium thiosulfate is added to a silver 
nitrate solution. It is a white substance, insoluble in water but very soluble in excess pre¬ 
cipitant. It IS decomposed by dilute strong acids, and slowly by water; in the latter case 
silver sulfide is deposited and sulfuric acid is formed. 

Complex salts (thiosulfatoargeniates) of varying composition have been isolated from 
^lutions of silver thiosi^fatc in exce^ alkali thiosulfatcs-e.g., Na2S203 • • 2H2O; 

• 4H2O; sNa^SjOj • Ag^SjOa ' 4H20; 
SKaSjOj AgjSgOa • 2H,0; sKjSjOa • aAgj.SjOj. Except for the first mentioned sodium 
sa t, they are extremely soluble in water. The formation of such compounds, which also 
takes place through the action of sodium thiosulfate solution on such sparingly soluble 
silver compounds as the chloride and bromide, is of fundamental importance in the photo¬ 
graphic fixing process. In order to avoid formation of the less soluble sodium salt mentioned 

It IS b«t to avoid the use of too highly dilute thiosulfate solutions. None of the complex salts 
cited d^olves unchanged. According to Schmitz-Dumont (1941), the trithiosulfaio anion." 
[AgCSjOa),]® , is the principal species in the solutions. 


(w) Silver carbonaU, AgjCOj, is deposited as a light yellow powder when silver nitrate 
solutions are treated with alkali carbonate or hydrogen carbonate. If carbonate is employed, 
^ excess of the precipitant is to be avoided, as the precipitate is otherwise readily contaminat¬ 
ed with oxide. The solubility of silver carbonate in water is extremely small, but is greater in 
concentrated alkali carbonate solutions, since soluble complex salts such as K[Ag(CO )] 
are formed, which can also be isolated in the crystalline state. * 

Silver carbonate loses carbon dioxide on very gentle heating. The CO2 pressure attains 
6 mm at 132®, and 752 mm at 218®. 


{vii) Silver acetate, AgCjHgO,, crystalU2es in colorless, lustrous, flat, flexible 
needles, from solutions of silver carbonate in hot acetic acid. It is rather more 
soluble than the sulfate (solubility at 20®, 1.04 g; at 80®, 2.52 g in 100 g of water). 

(viii) Stiver oxalate, Ag^CzO^, is obtained as a white precipitate, insoluble in water and in 
dilute acetic acid, when soluble oxalates are added to silver nitrate solution. The precipi¬ 
tate is also insoluble in excess of the precipitant, since complex formation with excess CjO^- 
ions does not occur. Silver oxalate decomposes when heated to no®, and can detonate 
when heated rapidly. Its solubility is 0.004 S of AgjCjO^ in too g of water at 18®. 

(ix) Silver cyanide, AgCN, is precipitated by the addition of CN- ions to solutions 
of silver salts. It is practically insoluble in water and dilute acids, (i liter of water 
dissolves about 2 • 10-® mol. of AgCN). It dissolves very readily in alkali cyanide 
solutions, however, forming complex ions. 
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Silver cyanide is also present in the form of complex ions in its aqueous solution: 

2AgCN = Ag^ + [Ag(CN),]-. 

Polynuclear complex ions, such as (Ag2(CN),]" and [Ag,(CN)4]arc present to some 
extent in other dissociating solvents (such as pyridine, in which silver cyanide is much 
more soluble tharwin water). 

Silver cyanide is also considerably more soluble in hot concentrated p>otassium carbonate 
solution than in water, and separates out on cooling in the form of fine needles of density 
3.943. It is only sparingly soluble in aqueous ammonia (0.52 g of AgCN in too cc of 10% 
ammonia at i8'). When it is heated, silver cyanide loses half its cyanogen, and ‘silver 
paracyanide’ remains. 

The solubility of silver cyanide in alkali cyanide solutions depends upon the 
formation of soluble complex salts (cyanoargentates), of which potassium argen- 
tocyanidc (potassium dicyanoargentate), K[Ag(CN),], is typical. This crystal¬ 
lizes in colorless six-sided plates; i part dissolves in 4 parts of water at 20®. This 
salt is also obtained when potassium cyanide reacts with metallic silver in the 
presence of air. It is even more strongly complexed than the thiosulfate complex 
salts, and the concentration of silver ions in its solution is therefore infinitesimally 
small. This manifests itself, for example, in the very considerably increased deposi¬ 
tion potential of silver from such solutions, which is so far raised that metals 
such as zinc, which stand far above silver in the electrochemical series, arc not 
capable of displacing silver from cyanide solutions. The use of alkali silver cyanide 
baths in electroplating is based upon this fact. If baser metals were suspended, for 
silvering, in silver nitrate solution silver would be deposited as a result of chemical 
displacement, and this would lead, in general, to powdery deposits, with poor 
adhesion. Deposit of silver from the complex cyanide solutions takes place, how¬ 
ever, only when a sufficiently high potential is applied. The metal is then obtained 
in a compact, adherent form. 

Silver cyanide crystallizes hexagonal-rhombohedral. Contrary to older assumptions, 
there is not a second modification, but according to Natta it can form a considerable range 
of cubic mixed crystals with silver bromide. 

(x) Silver thiocyanate, AgSCN, is formed as a white curdy precipitate by the 
action of SCN” ions on silver salt solutions; it is practically insoluble in water 
(0.8 • io~® mol per liter at room temperature) and in dilute strong acids, but 
dissolves readily in excess of the precipitant. Soluble complex salts (thiocyanato- 
argentates) are formed in this case also. The potassium salts K[Ag(SCN),], 
^a['^gCSCN)3], and K3[Ag(SCN)4] have been obtained crystalline. 

Silver thiocyanate forms a very restricted range of mixed crystals with silver bromide, the 
miscibility gap extending from 3% to 90% by weight of AgBr. 

(xf) Silver phosphates. Silver orthophosphate, AgsP04, is formed as a yellow precipi¬ 
tate, insoluble in water but soluble in dilute acids, when silver nitrate is added to 
solutions of orthophosphates. It may be obtained in the form of cubic crystals 
(density 7.32) from acetic acid or dilute phosphoric acid. It gradually blackens in 
light. It finds some applications in medicine. 

Silver nitrate gives white precipitates from solutions of pyro- and metaphosphates— 

Ag4P*07 and (AgPO,),. The latter exists in three forms, which differ in their solubility 
and their behavior on fusion. 
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(xii) Silver sulfide, AgsS, is deposited as a black precipitate wlicii Indrogen 
sulfide is passed into silver salt solutions. Itis also formed by the action of hydrogen 
sulfide or metal sulfides on metallic silver. It is the most insoluble salt ol silver. From 
potentiometric measurements of the equilibrium, Jellinek deduced a value of 
5.7 ■ for the solubility product, K«p [Ag+]"-■ [S']. The theoretical solu¬ 

bility of silver sulfide—i.e., its solubility in pure water, if the salt were almost 
completely dissociated and not hydrolyzed at all—therefore would be 1.8 ■ lo-'^ 
mol per liter at 10®. 

Silver sulfide is obtained in crystalline form by passing sulfur vapor over red hot silver. 
It occurs native as silver glance (argentitc), in the form of dark leaden grey crystals, usu¬ 
ally with a cubic habit (density 7.2-7.4, hardness 2-2^). .\n acicular form of silver glance, 
known as acanthite, that is occasionally found, is identical in crystal structure with argentite. 

AgjS crystallizes rhombic, but appears to be related in crystal structure to the cubic 
CU2O. It undergoes a transition at 180®, forming a cubic structure. 

The heat of formation of silver sulfide is 6.G kcal per mol at 20® (Roth, 1935). 

When silver sulfide is treated with concentrated alkali sulfide solutions, it is 
converted into red crystalline double sulfides—e.g., NaaS ■ 3AgaS • 2H2O and 
KaS • 4Ag2S • aHjO. Double sulfides of silver sulfide with sulfides of acidic 
character (especially the sulfides of arsenic and antimony) are widely distributed 
in Nature. Of this type are proustite, 3AgjS ■ AsaSj (or Ag5[AsS3]); xanthoconile, 
gAgjS • 2As 2S3 • AsjSj, which is rare; polyargyrite, i2AggS • SbaS^; stephanite, 
SAgjS • SbaSa or Ag5[SbS4]: pyrargyrite, 3AgaS • SbjSj or Ag3[SbS3]; miargyrite, 
AgaS • SbjSs or Ag[SbSa]; and silver bismuth glance, Ag^S • BiaSj or Ag[BiSa]. 

(e) Silver(II) Compounds 

Compounds containing dipositive silver are known in the form of the difluoride, AgFj, 
and probably also the oxide AgO, obtained by the anodic oxidation of silver. There is also 
a series of complex compounds of the type [Ag” Am4]Xa, where Am stands for a neutral 
ligand, such as an organic nitrogen anhydrobase. 

Barbieri (1912) obtained the compound [Ag“(CsH5N)4]S208 (tetrapyridinesilver(II) 
peroxysulfate) by adding a cold saturated solution of potassium peroxysulfate to a solution 
of silver nitrate and pyridine. It forms beautiful orange prisms, which give mixed crystals 
with the corresponding compound of +2 copper. Barbieri later (1927) obtained the cor¬ 
responding nitrate [Ag“(C4HsN)4](N03),, by electrolytic oxidation of a solution contain¬ 
ing silver nitrate and pyridine; this also exists as orange crystals. Hieber shortly after¬ 
wards (1928) prepared a series of silver(II) salts containing the nitrogen anhydrobase 0- 
phenanthroline bound to silver in the complex: 



He first prepared the chocolate-brown peroxysulfate, by adding ammonium peroxysulfate 
to a solution containing silver nitrate and o-phenananthroline in the molecular proportion 
I : 2. The other salts (also brown) were obtained from this by double decomposition. 
They form mixed crystals in all proportions with the analogous salts of dipositive copper 
and cadmium, and must therefore be similar in structure. Hence the silver must be present 
in the -F 2 state. The dipositive character of silver in these compounds was confirmed by 
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Kicnim (1931). who found (hem (o display the same paramagnetism as the corresponding 
c op[)rr: 111 sahs. 

A long known compound which, according to Barbicri, is also derived from +2 silver, 
is (he substance AgO, formed by anodic oxidation of silver salts or silver in aqueous solu¬ 
tion. J he formation of this was first observed by Ritter in 1799, and it was formerly regard¬ 
ed as a peroxide (i.c., as a derivative of hydrogen peroxide). However, the constitution of 
this compound has not yet been established with certainty.*. An unambiguous example of 
simpU- compound of -^2 silver is the silver difiuoridc prepared by Ruff. 

Siher (h/Iiiorifie, AgFj. is formed directly by the action of fluorine on metallic silver at not 
too high a temperature. (RufT, >934). Fluorine reacts only superficially with compact 
silver below a red heat; above 430-, the monofluoride AgF is formed. With ‘molecular 
silver’, however, reaction takes place even at ordinary temperature, and the difluoride is 
formed. .According to Rochow [J./Im.CArm. i’oe., 74 (1952) 1615], AgF,is more conveniently 
obtained by passing CIF3 over AgCl. Silver difluoridc (density 4.7, m.p. 690*) is deep 
brown in color, and strongly paramagnetic (actually ferromagnetic below —110®). It is at 
once hydrolyzed by water; Ag(OH) F is apparently first formed as an intermediate product, 
and this rapidly decomposes, yielding .AgF and ozonized oxygen. Silver difluoride readily 
gives up its lluorine to other substances, and is therefore an excellent fluorinating agent. 
Its heat ol lormation from its elements is 84.5 kcal per mol. (von Wartenberg, 1939). 

(f) Silver(in) Compounds 

.\ compound containing silver in the + 3 valence state is the fluorosalt KfAgF^] prepared 
by Klcmm (1933). In addition to this, there arc several silver(IH)-anionic complexes, of 
more complicated composition—e.g., some tellurato and periodato compounds, such as 
NaeHjfAgd'eOglj] and KeH[Ag(IOe),) prepared by Malatesta (1941), and some organic 
complex silvcr(IIl) compounds described by Ray (1944). The latter contain complex 
cations. Gompounds of both types are diamagnetic, and involve covalent (probably dsfp 
hybrid, square planar) bonds. 


7« Analytical (Silver) [rs] 

Two reactions characteristic of silver are its precipiution by means of hydro¬ 
chloric acid from solutions of its simple salts, in the form of curdy white silver 
chloride, soluble in aqueous ammonia, and the ease with which reduction to the 
metal takes place—e.g., by heating the salts on charcoal with fusion mixture 
before the blowpipe. The smooth, white, ductile metallic bead is readily dissolved 
in dilute nitric acid. The resulting solution gives a white precipitate with hydro¬ 
chloric acid, and a black precipitate (silver sulfide) with hydrogen sulfide; after 
neutralization, it gives a red-brown precipitate with potassium chromate (silver 

chromate, Ag^CrO^), and a yellow precipitate with secondary sodium phosphate 
(silver phosphate, AgjPO,). 


For microanalytical detection, suitable forms are silver chromate and, especially, the 

cr>stalh2ation of silver chloride in characterisUc form when its ammoniacal solution is 

evaporated (limit of detection, o.tyAg). Rather more sensitive still is the reaction with 

d..h.zone C.H -N = N-CS-NH-NH-C.H., given by Fischer [Z- ^g^w. Oum., 

4 ^, (1929) 1025]. This cannot be applied, however, if salts of mercury and the platinum 
metals arc also present. 


In gravimetric analj^sis, silver is precipitated as chloride or deposited electro- 
lytically as metal, and weighed as such. From solutions in which it is present in 

* The nature of the compound formed by the action of ozone on silver (cf. p. 395), 
which IS generally regarded as a peroxide of silver, is also not fully explained. 
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complex form, it is sometimes advantageous to reduce it to the metal by means of 
sodium dithiomte (Steigmann. ,923). Silver is often determined Mrimeincally. 

trau"on‘u'idd^‘7o ^ «f known concen- 

eX em , d eonccntrat.on, ,f the silver is to be determined), and potassium 

h^inTmore sT hf k' "’<= -^"d-point of the reaction. The red silver chr^ar 

hLThT chloride, persists only when practically all the chloride ions 

have been removed from the solution. V'olhard’s method of determining silver consists in 

So"r'"I^ —lum or potassium thiocyanate, and utilizes an iro?.(HI, solution Is 
mdjcator. As long as .Ag+ ions arc present in the solution being titrated, white silver 
thiocyanate is precipitated. When essentially all the Agr ions hale disappeared T red 
coloration indicates the formation of iron(nl) thiocyanale. 

Small amounts of silver can be titrated conductometrically with sodium chloride even 
in the presence of a large excess of lead salts (Jander, 1937). 


8. Gold (Aunim, Au) 

(a) Occurrence 

In accordance with its noble character, gold is generally found free in Nature in 
two forms—as reef gold and alluvial gold, [ij] 

Gold which is found still in its primary ore deposit is known as reef gold. As such it 
occurs partly in the form of very fine metallic particles dispersed through quartz, to some 
extent associated with sulfides such as pyrite, chalcopyritc, arsenopyrite, and stibnite 
which arc also found either finely dispersed or as thicker veins and reefs, predominantly 
in quarzitic rock. Gold often occurs, mixed with these sulfides, in the form of chemical 
compounds, and especially as tellurides—e.g., calaveriU, AuTe„ sylvaniU, AgAuTc,, and 
nagj^agiU (foliated tellurium), a double tclluride and sulfide of lead, gold, and antimony 
Compoun^ of gold with selenium are also occasionally found. Native gold is always found 
along with Its compounds, as might be expected from the ease with which reduction to 
metal takes place, but the gold is finely dispersed. 

In the course of the history of the earth’s crust, some of the gold has been removed from 
Its onpi^ ore deposits, and laid down again in secondary deposits. The ailuviai or placer 
gold which IS now found in this form is invariably native, usually in the form of fine or very 
fine grains, but occasionally as large aggregates or nuggets. 


In former times, gold was extracted only from the placer deposits. With the 
perfection of methods of extraction, however, reef gold has been increasingly 
important in world production, and by 191a upwards of 90% of the world’s 
production came from reef gold. 

(b) Extraction [/^] 

The oldest method of extracting gold is by ‘washing’. In this process, auriferous 
sand is subjected to a sedimentation, whereby the specifically heavier grains of 
gold settle out faster and are enriched. 

This process, much improved technically, is still in use in the form of ‘hydraulic mining*, 
in which auriferous loose sedimentary roc^ (sands and gravels) are broken up and elutri¬ 
ated by powerful jets of water. To make the process economic on a large scale, it must be 
combined with the amalgamation process. 

The amalgamation process depends upon the capacity of mercury to dissolve gold. 
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forming an amalgam, from which the gold ran be recovered by distilling off the mercury. 
A n qiiisiu* condition for the method to be applicable is that the particles of gold should 
not be too small, as they are otherwise not sufficiently welled by the mercury. 

I fie process which is now most important for the extraction of gold is the cyanide 
process introduced in 1886. This is used to some extent in conjunction with the 
amalgamation process, for the recovery of the last portion of the gold, (‘tailings*). 
CAaniding enables even the finest particles, which cannot be amalgamated, to be 
leached out. It is therefore suitable not only for working up the still auriferous 
residues of the amalgamation process, but especially for those ores which contain 
gold in the finest state of subdivision—i.e., for reef gold. 

C;>.inidc leaching, which was first tried by MacArthur and Forrest in 1886, has prac¬ 
tically completely displaced the chlorination process (invented by Plattner in 1850) which 
w as formerly much used, especially in America. In the latter process, gold was converted to 
the soluble chloride, by treating the moist ore with chlorine; the chloride was leached out, 
and reduced by ferrous sulfate, hydrogen sulfide, or by adsorption on wood charcoal. At¬ 
tempts have also been made to utilize the volatility of gold chloride for the extraction of the 
metal from certain ores, by heating them with common salt, whereupon gold chloride 
sublimes. 

In cyanide leaching, the finely ground gold ore is treated with a dilute (o.i- 
o.2''y) solution of potassium or sodium cyanide. With the aid of air (dissolved in 
the solution), the gold is converted to a soluble complex cyanide, and is subse¬ 
quently deposited from solution by reduction with zinc shavings* or (very rarely) 
by electrolysis. 

The precipitate is more or less strongly contaminated with zinc, which is dissolved out by 
treatment with dilute sulfuric acid. The dried residue is then fused under borax. The melted 
down gold (bullion) still contains larger or smaller amounts of silver, which is separated 
by the process of refining. On a large scale, this is now generally carried out electrolytically. 

In smaller refineries, it is frequently still effected by treatment with concentrated sulfuric 
acid, or often also by means of nitric acid. 

In electrolytic refining of gold, [10] which is used especially when the gold contains platinum, 
the gold plate to be refined is suspended as an anode in a solution of chloroauric acid (te-' 
trachlorogold(IIl) acid, HAuCh). When the current is passed, some of the metals alloyed 
with the gold do, indeed, enter the solution; others (Ir, Rh, Ru) fall to the bottom unat- 
tacked; Ag is precipitated as AgCI; and Pb is deposited as PbSO* by the addition of sulfuric 
acid. Only gold is deposited on the cathode, since it has by far the lowest tendency to 
remain in solution. Even platinum remains dissolved, provided that care is taken that it 
does not build up to too high a concentration. 

Sulfuric acid refining (parting) depends uporf the solubility of silver, and the insolubility 
of gold, in boiling concentrated sulfuric acid. It is applicable to all gold-silver alloys, irres¬ 
pective of their gold content, but it is not suitable for alloys conuining platinum, since 
platinum may make a portion of the silver insoluble. 

The parting of gold and silver can also be effected by means of moderately concentrated 
nitric acid (preferably about 60%). For this process, it is necessary that the alloy should 
consist of about i gold and J silver; if the gold content is higher, an alloy of appropriate 
composition is made up by melting the mixture with added silver. The production of an 
alloy with the suitable composition is known asand this term has been extended 
to apply to the whole process of refining. Quartation was the usual process of gold refining 
from the J5th to the 19th century, but with the growth of the sulfuric acid industry, it has 
been largely displaced by sulfuric acid parting. 

• The zinc goes partly into solution as a complex alkali zinc cyanide, and is partly 
precipitated as Zn(CN),. ‘ ' 
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(c) Properties 

From ancient times, gold has been the king of metals’, excelling all others in its 

only 2i-3 on Mohs scale, and tt ts among the heaviest of the metals (density 19.3 ,. 

thaTrf'^oppe? boilinl^* ‘' h higher than that of silver, and heioiv 

NevertherS^ the volad " '"S*'" 'han that of copper, howeter. 

-from abTuV .Lo° P aL ® “FP^^^able at much lower tetnperatnres 

fusion. Gold expands considerTbly when"f *“11'''’"“"’" ^^er prolonged 

The electrical conductivity and thermal conductivity of gold are very high 
Its specific electrical conductivity x (at 18°) is 67% of that of silver, its thertmal 
conductlvny is 70% of that of silver, (x^^ = 4..3 ’ .o‘ ohm-; ;.a„ = 0.705 cal. 
cm~*scc“*degrec"‘ at i8 ). ^ 

Gold crystallizes in the cubic system (for crystal structure see p. 362). Gold 

crystals have been found native, with cube, octahedron, and rhombic dodecahe- 

dron faces developed. It forms mixed crystals in all proportions with platinum 

pa iadium, silver, and also with copper (in spile of the considerable difference in 
cell dimensions - cf. p. 22), 


Gold unit« with atomic hydrogen, forming a colorless solid hydride, which is probably 

irih character (Pietsch, 1931). This compound is very unstable. A gold hydride is 

stable m the gaseous state, however, at high temperatures (cf. p. 363). 


As a decidedly noble metal, gold remains practically unchanged in air or in 
contact with water*. It is also very resistant to other forms of chemical attack. 
Even the halogens, in the form of the dry gases, are without action, or react only 
superficially, with gold at ordinary temperature. Thus gold combines with fluorine 
only between 300® and 400® (the fluoride decomposes again at higher temper¬ 
atures). It is rapidly dissolved, however, by an aqueous solution of chlorine at 
ordinary temperature. The tendency of gold to combine with chlorine: 


Au + jClj = AuClj, 

is considerably augmented by the fact that complex ions are formed—tetra- 
chJoroaurate ions: 


AuCl, -h Cl- = [AuCh]- 

or, if no excess of chloride ions is present, trichlorooxoaurate ions; 

Au + 5Clj + HjO = [AuCl, 0 ]= + 2H+. 

• According to Miiller (1935), gold becomes covered in air with a very thin oxide film. 
If this assumption is correct, the complete stability of gold in air arises not from its inability 
to combine directly with atmospheric oxygen, but because a protective coating is formed 
upon it. In that case, the only difference in behavior towards oxygen between gold and 
other metals such as copper and nickel, which also form protective films, is that at temper¬ 
atures at which the protective film would be capable of growing (cf. pp. 739, 754), the oxide 
forming the protective film on gold undergoes decomposition. The heats of formation of the 
gold oxides are not very reliably known. According to Thomsen, gold(III) hydroxide has 
a fairly large exothermic heat of formation (about 100 kcal per mol). 
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Gold dissolves particularly readily in aqua regia which produces ‘nascent* 
chlorine*. 

The dissolution of gold is yet more strongly facilitated by CN~ ions than by the 
presence of Cl" ions. Its tendency to dissolv'e is so far augmented that atmospheric 
oxvgen can oxidize gold in the presence of CN~ ions** : 

2Au + iO, + H ,0 -f 4CN- = a[Au(CN)j]- + 2OH-. 

This reaction is the basis of the cyanide process for extracting gold. 

Gold is not attacked by molten caustic alkalis. It is also unattacked by acids 
such as sulfuric, hydrochloric, nitric, phosphoric or arsenic acid, whether dilute 
or concentrated, unless powerful oxidizing agents are also present. 

Gold dissolves in concentrated sulfuric acid in the presence of iodic acid, nitric acid, 
manganese dioxide, etc. Yellow solutions are thereby obtained, from which goId(III) 
hydroxide I's precipitated by the addition of water. .Selcnic acid, which is itself a very strong 
oxidant, can dissolve gold directly. 


The insolubility of gold in the less strongly oxidizing acids is the consequence of 
its position in the electrochemical series, in which it stands far below hydrogen. 
Not only, therefore, is it unable to go into solution by displacement of hydrogen, 
but it may be deduced from the numerical magnitude of its standard potential 
(cf. Table 4 on p. 30 of Vol. I) that in general it cannot even enter solution as an 
ion under the oxidizing action of atmospheric oxygen. Unlike copper, for example, 
it is therefore insoluble in acids in the presence of air, as well as in air-free acids. 

A gold electrode in contact with a i-molar gold(III) chloride solution has a potential 
1.08 volts lower than that of the normal hydrogen electrode. However, the Au'*"*’* ion 
concentration in such a solution is far less than i mol per liter, as a result of complex for¬ 
mation with the Cl" ions. The standard potential of gold therefore must be considerably 
lower than this value. It was estimated as -1.37 to-1.39 volts by Jirsa and Jellinek, from 
measurements of gold(III) sulfate and nitrate solutions. This low value evidences the 
difficulty with which the gold atom assumes an ionic charge, and the case with which the 
gold ions are discharged. 

The standard potential of the gold(I) ion is even lower than that of the gold(in) ion. 
However, free gold(I) ions are never present except in infinitesimal concentrations, so that 
the relations are reversed in practice, just as with copper. 

The discharge potential of gold is lower than for any other metal, so that 
provided the current density is not too high, gold alone is deposited cathodically 
from gold chloride solutions of sufficient strength, even when the solutions contain 
appreciable amounts of other noble metals. 

The situation is different if the gold is present in the form of its extraordinarily strongly 
complexed cyanide. Its ionic concentration is then reduced to so low a value that its solu¬ 
tion potential becomes greater than that of silver or mercury. Not only are mercury and 
Sliver unable to displace gold from gold(I) cyanide-alkali cyanide solutions, but they arc 
themselves displaced by gold, which dissolves, from their alkali cyanide complex salt 


It follows from the position of gold in the electrochemical series, and accords 
with experiment, that gold can be displaced from its solutions by almost all other 


* Nitrosyl chloride, NOCl, which is evolved simultaneously from 
without action on gold even at loo". 

•• Cf. also p. 417). 


aqua regia, is quite 
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metals, -provided it is not present in the form of compounds which are exceedingly 
Strongly complexed. 


It should be noted that in the displacement of noble metals from solution by means of 

base metals, mixed crystals or compounds of the noble metal with the displacing metal arc 

often obtained, instead of the pure noble metal. Thus cadmium precipitates the compound 
CdaAu from gold salt solutions. ^ 


Gold is also precipitated from solutions of its chloride bv ions with reducing 

properties, such as Fe^+, Sn+-, SO,^. NO,-. Mcrcury(I) ions reduce it chiefly to 
the singly charged state: 


Au^-^-^ + = Au-^ 4- 2Hg++. 

The resulting gold(I) ions are at once precipitated as the hydroxide by reaction with 
water: 

Au^ + HOH = AuOH -I- 

before they can be formed in appreciable amount. At the same time they react mutually: 

3 Au+ = Au-"*+ + aAu, 

so that metallic gold separates out in addition to gold(I) hydroxide. 

Reaction with SOj- ions also frequently proceeds only as far as unipositivc gold, 
particularly when the conditions of concentration favor the formation of sulfito complexes, 
which protect the gold from further reduction. 

Many organic substances can also precipitate gold as the metal—e.g., oxalic 
acid, formaldehyde, sugar, tartaric, citric, and acetic acids, and their salts. 
Carbon monoxide also precipitates the metal from gold(III) chloride solutions, 
as does acetylene. The latter is oxidized to glyoxal, CHO—CHO, according 
to Kindlcr. Gold is often obtained in colloidal form when precipitated by these 
means. As such, it forms hydrosols which are usually intensely colored (e.g., purple 
red, blue, violet, brown or black), and notably stable even in the absence of 
protective colloids. 

It is an essential condition for stability that the sols should be quite free from substances 
causing coagulation—e.g., electrolytes. The flocculating action of electrolytes is largely 
determined by the nature of the species going into solution as cation, since the particles 
of colloidal gold are negatively charged. In some circumstances, the charge on the particles 
may be reversed by larger concentrations of electrolyte. It is therefore also possible for 
large amounts of electrolyte to have a stabilizing effect. 

Pure gold hydrosols are best prepared by two processes worked out by Zsigmondy*. 
The first depends on the reduction of chJoroauric acid with formaldehyde, in very dilute 
solution made just alkaline by addition of potassium carbonate. In the second, reduction is 
effected by adding a few drops of an ether solution of phosphorus. The two methods may 
be combined. Such sols, with a well defined particle size—in the red gold sols prepared by 
reduction with phosphorus, the particles arc usually between i and 6 • io~’ cm in diameter 
—have found applications in m^icine for diagnostic purposes (e.g., in investigations of the 
cerebrospinal fluid) and in biology (for the characterization of albumenoids and their 
decomposition products). These applications depend upon the fact that different proteins 
give rise to agglomeration processes, which show up in different ways through color changes 
of the sol. 

Hydrazine, carbon monoxide, and hydrogen peroxide have also been proposed as 
reducing agents for the preparation of colloidal gold sols. Donau, in 1913, described an 

* See Zsigmondy’s Kolloidchemie for further details. 
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intcrcstifig process, in which a burning jet of hydrogen is directed against the surface of a 
very dilute gold chloride solution (i in 50,000 or i in too,000). At the point touched by 
the flame, red wisps of colloidal gold appear. As was shown by Halle and Pribram, the 
reducing action of the hydrogen flame itself is only a partial cause of the separation of gold; 
nitrogen oxides produced in the flame also play an essential part. 

(d) Uses 

Gold is highly valued as a material for the manufacture both ofjewelleryandof 
useful objects. Since pure gold is too soft for this purpose, it is alloyed with other 
metals, generally copper or silver. [//] 

The gold content {‘fineness’) of these alloys is generally expressed cither in parts per 
thousand or in carats. 24 carat represents pure gold. An 18 carat alloy contains 18 parts by 
weight ofgold in 24 parts, i.c., 750 in 1000 parts. 14 carat gold contains 14 parts of gold in 
24 parts, or roughly 585 parts per thousand. 

Considerable quantities of gold are used for gilding objects made of baser 
metals—principally copper and silver objects. In dentistry, gold is used for fillings, 
bridge work, etc. Gold is also occasionally used for chemical apparatus (fusion 
crucibles, retorts, condensers, etc.). 

Of the compounds of gold, chloroauric acid, HAuCl, * 4HjO, the ‘gold 
chloride’ of commerce, is the most widely employed. It is used for making up baths 
(cyanide solutions) for electroplating with gold, in glass and porcelain painting, 
in photography (for toning baths) and occasionally in medicine. Its sodium salt, 
.\a[AuCIJ • 2 HjO, known in commerce as ‘gold salt’, is often used instead of 
chloroauric acid. 


Gold ruby glass, which is valued on account of its deep red color, contains metallic gold 
in the form of colloidal particles which can be rendered visible under the ultramicroscope. 
It is prepared by adding a little gold, in the form of any of its compounds, to the glass melt. 
A pale yellow, greenish or even quite colorless glass is first obtained, but when this is 
reheated it suddenly turns blood red when the gold particles attain such a size as to impart 
this color to the sol. If the glass is heated too long, continued particle growth leads to a poor 
and turbid color. 


Almost half of the annual production of gold is stored away, in the form ofgold 
bar in the central reserve banks of the various countries, as cover for the currency 
notes which are circulated in place ofgold. Through the accumulation ofgold in 
the reserve banks of a few countries (and especially in the United States), the 
significance of gold as a cover for bank notes, and as a monetary standard, has 
rather diminished. 

In those few countries where gold coins are still used as currency, they generally 
consist of 900 parts gold and 100 parts silver. 


.Around 1800. the average annual production of gold in the whole world was only 
> 7>7 4 g* > 19^3 this had risen to 392,705 kg, and in 1912 it reached a temporary peak 
^ 7 t>J) 37 t^ The average annual gold production rose to 632,290 kg during 
1906-1910, 691,409 kg during 1911-1915, and 54^778 kg in 1921-1925. Since 1929 it has 

' 93 = 749.550 kg; 1935 933.o8o kg; 

Of the total world production ofgold in 191a, about 44.7% came from Africa (39.8% 
from the Transvaal alone), 27.8% from North America, a.6% from South America, li.9% 
from Australia, ^.g.ofrom Asia other than Siberia, and 7% from Europe (chiefly from 
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Russia* including Siberia' 'Mh* j i • » 

fro.n ,im.. ,o tim,- in Taxor of Af, u 1 ^ "' ”, 

Australian production. The share due lo^ruron • h \ ^\ ^ ^ Anu ru an and 

,o Europe (, 5 . 7 »., .o Russia wi.h"„s .Asia,r!:.rri',one"s ' 


9. Compounds of Gold 

Gold ordinarily exhibits valence slates of and +, in its ctnnpon.KJs. In 
general, it is most stable m the tnpnsitive state. All gold compounds are casih 
decomposed however. They break up. with the separation of free gold, under 
the action of reducing agents, and often when only gently heated. 

The rnost important componnds of -b i gold are goid(I) snihde. Au,S. the 
hahdes AuX, and various complex anions. ^Simple gold(I) compounds are not 
^pable of existing in aqueous solution, except at infinitesimal concentrations 
Hence there are no soluble simple gold(I) salts. Even the very insoluble gold(I) 
chloride, AuCl, is decomposed by water forming gold(III) chloride and free gold. 
Free gold(I) ions can only exist in solution in minimal concentrations, which are 
not directly detectable. On the other hand, strongly compicxed gold(I) com¬ 
pounds, such as the cyanoaurate(I) salts, M'[Au(CN)J, are remarkably stable in 
solution. 

A very strong tendency to form complex salts is also characteristic of the salts 
derived from +3 gold. Strong complexes are formed especially with the halogen, 
cyano, and thiocyano groups. The salts of those acids which are not capable of 
combiningwithgold{III) ions to form acido-complexes are stable only in concen¬ 
trated solutions of the corresponding acids. They are at once hydrolyzed on the 
addition of water, with the deposition of gold{III) hydroxide. Thus Au^++- ions 
are also incapable of existing in directly measurable concentration in pure aqueous 
solution. 


Gold has a much weaker capacity for forming complex cations than complex anions. 
However, Weitz (1915) was able to prepare a number of compounds of the type 
[Au(NH 3)^]X3 (tetramminegold(III) salts). The nitrate, [Au(NH,)^(NOj),, may' be 
obtained by the action of ammonia on a solution of chloroauric acid saturated with am¬ 
monium nitrate. Other salts, such as the oxalate-nitrate, [AulNHg) J(C,0,)(N03), and the 
sparingly soluble chromate, [Au(NH3)<]3(Cr04)3, can be obtained by metathesis. The 
ammonia is very firmly bound in the complex from which these salts are derived, and is 
not eliminated by the action of concentrated acids. Alkalis bring about decomposition, 
whereby explosive compounds containing nitrogen are formed, similar in nature to those 
obtained when chloroauric acid solution is treated with excess ammonia, or by the 
prolonged action of ammonia or ammonium salts on gold oxide (‘fulminating gold’). 
According to Weitz, these consist chiefly of the compounds AujO, • 2NH3 and AujOj • 

3NH3, mixed with diamido-imido-gold{lll) compounds, Au —NH—Au , 

\NH, 

where X is a univalent acid radical (Cl, NO3). The action of ammonia on chloroauric acid, 
in solutions saturated with ammonium chloride, leads to diamido-gold(III) chloride, 
Au(NHj) 2C1, which is not explosive, and deflagrates only feebly when heated. 

Gold{lII) hydroxide dissolves only in quite concentrated acids, except when 
complex formation can occur. It also dissolves in strong caustic alkalis. It thus 
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lias the character of an amphoteric substance, and is commonly known as aurk 

acid. ,j 

A number of compounds are known which, on the basis of their formulas, could 

be regarded as gold(II) compounds—e.g., AuCIj, AuBr*, AuO, AuS, AuSO,. 

It appears, however, that all these represent double compounds of unipositive 

with tripositive gold—e.g., AuCl • AuCl, or Au'[Au‘"Cl|]. 

Hoppe {1930) has obtained some evidence that fluoro-salts of Utrapositive gold may be 
formed. The existence of such compouneb is by no means established, however. 

(a) Gold(I) Compounds 

(1) Gohi{l) oxide, Au, 0 , is said to be formed by the action of hydroxyl ions on 
gold(I) compounds, or on gold(III) compounds 111 the presence of a reducing 
agent. Its existence is questionable, however. 

Kruss (1887) claimed to have obtained gold{I) oxide in the pure state by decomposing 
potassium dibromoaurate(I). K[AuBr,), by means of caustic potash. (The potassium 
dibromoaurate(I) was prepared by the cautious reduction of potassium tetrabromo- 
aurate{III), K[AuBr4], with sulfurous acid in ice-cold solution.) A dark violet precipitate, 
thought to be gold(I) hydroxide or gold(I) oxide gel, was first formed; this changed to a 
light grey-violet powder when dried over phosphorus pentoxide. More recent investigations 
make it probable that the substance consider^ to be gold(I) oxide is merely a mixture of 
Au, 0 , with finely divided gold. It is possible that gold(I) oxide or hydroxide is initially 
formed in the precipitation, but at once decomposes. In any case, gold(I) oxide is extremely 
unstable if it exists at all. 

(h) Gold{I) Halides. Gold{I) chloride, AuCl, is formed as a pale ycUow powder 
when anhydrous gold(III) chloride is moderately heated (to 185®): 

AuCI) = AuCl CIf» 

Gold(I) chloride is difficult to obtain pure. When more strongly heated, it decom¬ 
poses into gold and free chlorine. It is rapidly decomposed by water at ordinary 
temperature: 

3AuCI = AuCl, + 2Au. 

It dissolves in alkali chloride solutions, forming complex ions, [AuCI,]“ (chloro- 
aurate(I) ions). These also soon undergo decomposition in solution, however, 
depositing metallic gold and forming complex ions of + 3 gold. 

The chloroauratc{I) salts are stable in the solid state, however. Thus the yellow po¬ 
tassium chloroaurate(I) can be obtained by melting potassium chloroauratc(III): 

KfAuCh] = K[AuCl,] -I- Cl,. 

AuCl also forms complex compounds with other substances—e.g., with PCI, and especially 
with ammonia. It can combine with up to 12 molecules of NH, (on treatment with liquid 
ammonia). 

AuCl combines with CO on gentle warming, forming gold carbonyl chloride, Au(CO)Cl— 
colorless, highly refractive tabular crystals. The compound is more readily prepared by 
warming AuCl, in a current of CO. It is at once decomposed by traces of water, with 
deposition of gold and the formation of CO, and HCl (Manchot, 1925). 

Gold{I) bromide, AuBr, obtained by cautiously heating gold(III) bromide, is still more 
easily decomposed than the monochloride. It dissolves in alkali bromide solutions, with the 
formation of complexes. 
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Gold{I) iodide. Aul, is obiaincd as ihc product of reactions which would be expec ted to 
yield gold(III) iodide—e.g.. frem the dissolution ofgold{I]I) oxide in hydriodic acid, or by 
addmgiodidcions togo!d(III) salt solutions. It can also be obtained, however, by the direct 
union of gold with icdinc at mederately elevated temperatures. Gold(I) iodide is a lemon 
yellow powder. It is even more readily decomposed by heat than are AuCl and .\uDr, but 
is much less rapidly decomposed by water. This is apparently due to its much smaller 
solubility. It dissolves in potassium iodide solution (forming a complex), but does so without 
decomposition only if the solution contains free iodine (or potassium triiodide) in amount 
corresponding to the iodine pressure of the compound. Solvents such as chloroform or 
carbon disulhde, which readily take up iodine, decompose it. 

Heats of formation, according to Biltz, are; for .*\uCl +8.4, for .AuBr +3.4 and for 
Aul —0.2 kcal per mol. 

(«i) Cold{l) cyanide and C}anoaurale{I) Salts. Gold(I) cyanide, AuCN, (yellow 
microscopic six-sided plates) is often formed, like the iodide, in processes which 
would be expected to yield gold(lll) cyanide. It is also obtained by warming 
complex gold(I) cyanides with hydrochloric acid at 50®: 

Na(Au(CN)j] + HCl = AuCN -h NaCl + HCN. 

Gold(I)cyanideis not decomposed by water, apparently because it is too insoluble, 
norby dilute acids or even by hydrogen sulfide. It readily dissolves in alkali cyanide 
solutions, yielding strongly complexed salts of the type M'[Au(CN)2], {cyano- 
aurate{I) salts). It is also soluble in sodium thiosulfate, ammonium sulfide, caustic 
potash, and ammonia. 

Potassium dicyanoaurate{l), K[Au(CN),], is obtained when gold dissolves in 
potassium cyanide solution in the presence of air: 

2Au + 4KCN + H ,0 + iOi = 2 K(Au(CN),] + 2KOH. 

As was shown by Bodlander (1896), the process takes place through the intermediary 
formation of hydrogen peroxide*: 

2Au + 4KCN + 2H,0 + O, = 2K[Au(CN)j] + 2KOH + HaOa 
2 Au -f 4KCN -f HjOj = 2 K[Au(CN),] + 2KOH. 

Potassium dicyanoaurate(I) is very soluble in water (about | mol per liter in the cold, 

7 mols per liter at the boiling point). It is sparingly soluble in alcohol and quite insoluble in 
ether. The sodium salt has similar properties. The importance of these compounds in the 
extraction of gold has already been mentioned. 

(iv) 7 Jiiosutfaloaurale(I) Salts. Sodium dithiosul/atoauraU{I), Na3[Au(S803)jj • ^HgO, is 
precipitated by adding alcohol to a solution of gold chloride treated with sodium thio¬ 
sulfate. It forms colorless, necdle-like crystals, freely soluble in water and having a sweetish 
taste. Reducing agents such as iron(II) chloride, tin(II) chloride, and oxalic acid do not 
deposit gold from its solution, and no sulfur is precipitated by the addition of acid. How¬ 
ever, sodium tetrathionate and gold(I) iodide are formed if iodine is added. The free acid 
(dithiosulfatogold(I) acid), H3[Au(Sj03)j] • ^HjO, can be obtained by the action of 
dilute sulfuric acid on the barium salt, Ba3[Au(S203)2]2. 

{v) SulJitoauTate{I) Salts. If gold chloride solution is added gradually to an alkaline 
solution of potassium sulfite, potassium disulfitoaurate(I), K3[Au(S03)2] * HjO, is ob¬ 
tained in the form of white needles. It is soluble in water and strongly complexed: no gold is 
precipitated from.the solution by hydrogen sulfide. Purification can be effected by means 
of the sparingly soluble barium salt. The corresponding sodium salt may also be prepared. 

♦ The dissolution of metallic silver in alkali cyanide solutions takes place similarly 
(Simon, 1935)- 
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/ \ r Hi l\ \u S If hvdroGcn sulfide is passed into a hot solution of gold(ni) 

, h!ond“:!Li,l,c^.ol<i is dcposi.ed. In .he cold however, a 

V.iS srnaratrs which is probably a double compound of Au,S and AujSa. AUjb, goia(i) 
sulMe irbes. obtained by salura.inK a K(Au(CN),] solution w,,h hydrogen sulfide and 
if V irrv/-Ki/.rir 'trifi It is stccl Krev when moist, brown black when dry, is practically 
uisSu-Vn w.it<T and dilute acids, but readily forms colloidal dispersions, especially m the 
nreseme of hydros. n sulfide. It is decomposed and dissolved by strong oxidants (chlorine, 
Lc.ua regia). It dissolves in alkali cyanide solutions, forming cyanoauratc(I) salt^and al^ 

,s ..oluble in excess alkali sulfide solutions, with which it forms ^ ^ 

u.ratcil. salts: monothioaurates. M'(.AuS], and dilhioaurates. M',(AuS,]. Such thio- 
aerates are also obtained when the gold sulfides richer in sulfur, AuS and Au^S,, are dis- 

sclv.-d in colorless alkali sulfide solutions; the gold sulfides give fide 

sulfid.-, forming polysulfide. The thioaurates are decomposed by acids, gold(I) sulfide 

being thereby re-formed; 

2 [Au.S 1 - -h 2H* = Au,S -f- HjS. 


(b) Gold(III) Compounds 

GohliHI) oxide and Gold{III) hydroxide {Auric acid). When a solution of 
gold! II!) chloride is treated with alkali or alkaline earth hydroxide, or is boiled 
after addition of alkali carbonate, a yellow brown precipitate is obtained, consist¬ 
ing essentially of gold(in) hydroxide, but usually strongly contaminated with the 
precipitant. It is possible to remove the impurities by extraction with acids. Drying 
over phosphorus pentoxide yields an orange or ochcrous powder, with the compo- 
sition AuC)(OH). It is soluble in hydrochloric acid and other acids, if these arc 
suflu icntly concentrated, and also in hot caustic potash, and is thus amphoteric. 
Since its acidic character is the more strongly developed, gold(III) hydroxide is 
usually known as auric acid, and the salts derived from it as curates (more strictly, 
as aurate(III) salts)—e.g., potassium aurate(III), K[Au02] • sHjO. 


From the values found by Jirsa and Jcllinek (1924) for the solubility of gold hydroxide in 
sulfuric and nitric acids, the solubility product K,p = [Au*-] * [OH ^ about 9 • io;«. 

Gold(IH) hydroxide may be dehydrated by cautious heating (to 140-150 ). Ine oxide 
AujOj begins to lose oxygen to a marked extent at only slightly higher temperatures, 

how<*ver (from aboul i 6 o^). 


(11) Gold{III) ihloride and Tetrachlorogold{III) acid (Chloroauric acid). Gold{IIl) 
chloride (auric chloride), AuCl, (or probably Au^Gl,), is best obtained anhydrous 
by the action of chlorine on gold leaf at a little above 200°, or on gold powder 
reduced by ferrous sulfate and well dried. It sublimes in chlorine at 200*^, and 
condenses in the form of red needles (density 3.9). The decomposition pressure of 
gold(III) chloride reaches i atmosphere at 251®. The heat of formation is 28.3 
kcal per mol (Biltz). It melts at 287-288“ in chlorine at elevated pressures. It 
dissolves readily in water, with a brown red color, forming the complex trichloro- 
oxogold(III) acid, Hj[AuCl30]: 

AuClj -f H ,0 = Hj[AuCUO]. 


This acid forms an insoluble yellow silver salt, Agt[AuCl30]. 

If hydrochloric acid is added to the brown-red solution ofgold(III) chloride, 
it turns lemon yellow through the formation of chloroauric acid (tetrachlorogold(III) 
acid), H[AuCl4]: 

H,[AuCI, 0 ] -F HCl = HCAuCU] + H, 0 . 
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The ‘gold chloride' of commerce is usi.ally chloroauric acid, and this is also the 

compound usually s.gn.hed by the nan.c of auric chloride in the older scient.fic 
literature. 

CMoroaunc and is prepared hy dissolving gold in aqua regia, a.ul evaporat.ng 
down wt.h hydrochloric acid. Chloroauric acid crystallizes in long, bright vellow 
needles with the composition H(AuCl.| • 4H.,0, which ellloresce in moist air. 

One molecule of water is lost in dry air. The coiiipouiid is also soluble in alcohol 
and ether; it crystallizes anhydrous from alcohol 

Numerous salts. M'[AuCl.l, are derived from chloroauric acid, the most 
important being sodium chloroaurate, NafAuCl,| • 2H,0, briefly known as 
gold salt . This crystallizes in large rhombic prisms or plates. Ii is soluble in ether, 
as well as m water, and also crystallizes from ether with 2H^O. When it is heated 
It loses Its water only at temperatures at which chlorine is evolved also. In the case 
of potassium chloroaurate, which is insoluble in ether, a dihydrate. K[AuClJ • 
2H2O, IS known, crystallizing in bright yellow rhombic plates from dilute hvdro- 
chlone acid, as well as a hemihydrate. K[AuCI,l ' iH, 0 , which separates in small 
yellow monoclinic needles from concentrated hydrochloric acid solutions Both 
hydrates lose their water completely at too". 

(m) GoldUII) bromide. Au^Bre. and the UtTabromoaurates{lII), M-(AuBr,] resemble the 
corresponding chloro compounds in their properties. Burawoy has shown by cbullioscopic 
measurements in benzene that gold(III) bromide has the dimeric formula Au,Br« Po- 
tassium tetrabromoaurate(III), K[AuBrJ • 2H,0, (purple red monoclinic crystals) may 
be prepared by treating gold with bromine water and potassium bromide. An X-rav 
structure determination (Cox. 1936) has shown that the Br atoms are arranged in square 
planar arrangement about the Au atom as a center; the K atom and H ,0 molecules arc 
built into interstices in the resulting structure. The H^O cannot be regarded as coordinatively 
bound to the Au atom, since the distance Au H^O is 3.57 A, whereas the .\u w Br 
distances are only 2.50 and 2.57 A. Cox finds that the Cl atoms are also probably disposed 
in planar arrangement in KAuCb. ^ 

(iV) Gold{IIl)iodide. Aulj, cannot be obtained by the direct union of its components, nor 
by addition of soluble iodide to HAuCl, solution, since the monoiodide is formed in each 
ca^. However, if a solution of HAuCl^, neutralized with potassium carbonate, is slowly 
added to potassium iodide solution, complex [Aul,]- ions are first formed, and when all 
free iodide 10ns have been removed by this means, the further addition of [AuCl.]- results 
in the formation ofgold(III) iodide as a dark green precipitate: 

[AuCIJ- + 4I- = [AuIJ- + 4CD 
[AuCl,]- + 3 [AuIJ- = 4AUI3 + 4CI-. 

When this is dried it loses iodine and is converted to gold(I) iodide. The complex acid 
HfAuI^] (tetraiodogold(III) acid), which is formed by dissolving gold(III) iodide in 
aqueous hydricdic acid, and by the action of hydriodic acid, containing iodine, on finely 
divided gold, is more stable than the simple triiodidc, as also are its salts, the Utraiodo- 
aurates{III)y M'fAuI^] (e.g., KfAuI^], thin black prisms). These complex salts also readily 
lose iodine, however. 


{v) Gold{III) cyanide and Cyanoaurate{lII) Salts. No precipitate is obtained when 
potassium cyanide is added to a solution of goId(III) chloride. If the solution is 
evaporated, the very soluble potassium tetracyanoaurate{Ill) K[Au(CN)4] ‘ iHjO, 
crystallizes out in colorless plates. It may be dehydrated by heating to 200®, but 
loses cyanogen when more strongly heated, yielding potassium dicyanoaurate(I), 
K[Au(CN)5]. 
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OtlKrcvanoauratc(III)saltsarcalsoknovvn~-c.g..thcammoniumsaltpH,][Au{CN)J. 

H O whicV is soluble in alcohol. The corresponding acid cannot be obtained however. 

When strong acids are added, hydrocyanic acid is evolved, and by evaporation over 

sulfuric acich the trihydrate of gold( 111) cyanide. Au(CN)3 ' 3H,0, may be crystallized 

from the resulting solution in large colorless plates. • u j- j 

The reaction of the free halogens with the dicyanoauratc(I) salts yields dicyanodihalo- 

genolurates(III). M.[Au(CN),X,]. where X = Cl. Br. or I. Many salts of this type are 
known. 

(,.|) ThmyamloaunUilH) Sails. Potassium totrathiocyanatoaurate(in) .s obtained ^ a 
tn.lkv orangV prot ipitatc, when gold chloride (neutrahzed with potassium carbonate) is 
added to an excess of cold potassium thiocyanate solution. Other thiocyanatoaurate(III) 
salts are also known, but the free gold(III) thiocyanate is not stable. 


(I'ii) Gold{Ill) salts of oxyacids —e.g., gold(III) sulfate or nitrate are only 
stable in the concentrated solutions of the corresponding acids. If the solutions 
are diluted with water, hydrolysis occurs immediately, with the deposition of 

g()lcl(Ill) hydroxide (auric acid). 


It is probable that the compounds referred to exist in solution as complex compounds, 
and not as simple salts. By evaporating a solution ofgold(III) hydroxide in very concen- 
iratc<l nitric acid, over soda lime, it has been found possible to isolate the complex acid 
Hf AidNC),),! • 'tHuO (Utranitratogoldllll) add) in octahedral crystals (density 2.84, m.p. 
72-73 ). Various salts of this acid are also known—e.g., K[Au(NO,)4], golden yellow, 
lustrous rhombohedral crystals. If crystallization is carried out in the presence of more 
alkali nitrate, salts of hcxanitratogold(III) acid are formed—e.g.. dipotassium hcxanitralo- 

auratc(III), K,H(Au(NO,).). tabular crystals. , . 1 • c .u 

I hc acetntoauraUs, M'[Au(C,H,0,)4], which have been obUined from solutions of the 
corresponding aurates, M'[AuO,], in glacial acetic acid, are analogous to the tetranitrato- 


aurates. . j* ir ^ 

The sulfatoauraleUII) salts also belong to the same type—e.g., potassium disullato- 

aurate(III). K[Au(S04),]. a bright yellow crystalline powder obtained by dissolving 

gold(ni) hydroxide in concentrated sulfuric acid, adding potassium hydrogen sulfate, and 

^aporation of a solution of gold in seicnic acid yields gold(III) seUnate, Au,(Se04),, in 
small yellow crystals. 


(wii) Goldfll) sulfide, Au,Sj, cannot be obtained from aqueous solution, since it is 
decomposed, but is formed, according to Antony and Lucchesi, by the action of hydrogen 
sulfide on dry lithium tctrachloroauratc(in) LifAuCh] • 2H,0, at —10®. LiCl is extrat^^ 
by means of alcohol from the resulting mixture of LiCl and Au,S,, and gold(III) sulfide 
remains as a black amorphous powder. It is decomposed into gold and sulfur when it is 

heated to 200®. o • ji 

If gold(in) sulfide is treated with colorless sodium sulfide soluuon at 3-4 , it rapidly 

dissolves with a red-brown color, probably as a result of the initial formation of NaatAuS,]. 

This thioauratc(lll) at once decomposes, however, to give the thioauratc(I); 


Nas(Aun«Sa] + Na^S = NaatAu'S,] + Na,S,. 


(c) Organometallic Compounds of Gold 

All three metals of Sub-group I can form unstable alkyl or aryl compounds in which the 
elements arc univalent. CopfHT(l) ethyl, Cu • CjHj, is believed to be formed by the action of 
ethyl magnesium bromide on Cul, but decomposes above —50®. Copper{I) phenyl, Cu • C^Hj, 
was obtained by Gilman (1936) by the action of phenyl magnesium bromide on Cul. It is 
an unstable solid (decomp. 86®), insoluble in most organic solvents, and slowly hydrolyzed 
by water to C«H, and Cu, 0 . Silver phenyl, Ag • C4H5, was first isolated in the form of the 
addition compound 2Ag • C4H4 • AgNOj. by the action of AgNO, on Bi(C9H5)j or 
CjHj • PbCCjHj),. Ag • CgHj is formed by the reaction of AgCl with the Grignard reagent. 
When dry', it decomposes vigorously at ordinary temperature, forming metallic silver and 
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diphenyl. (C8H5)2. Gold{I) alkyls may be form«*d by tiu 
AuCl ■ CO, but are ver>- unstable. 


• action of the Grignard reagetu on 


Organomctallic compounds of trivaleni gold arc far more stable than the foregoing and 
several series of organogold(III) derivatives are known. They were hrst prepared by Pope 

U • ^'avc been prepared at low temperatures, in the form 

of their ether addition compounds (e.g., (CH3)3Au • 0(CH3)2, decomp. by the 

reaction of lithium alkyls with gold(III) bromide. They react with hydrogen chloride or 
withgold(ni) bromide, to form the dialkyt gold{IlI) halides, R^AuX, which are also obtained 
directly by the action of Gngnard reagents on gold(III) halides. The diakyl gold(IIL 
halides and the monoalkyl gold{III) dihalidts (obtained, e.g., by the reaction of bromine \% ith 
the dialkyl gold(lll) compounds) are covalent compounds, soluble in organic solvents. 

They react with AgjSOj to give the sulfates [RzAujjSO,, and with AgCN to give evanides 
RjAuCN. 


All these compounds arc polymerized, and ha\'c structures in which the gold attains its 
stable coordination number (4) and stable stereochemical configuration (square coplanar 
arrangement). The dialkyl gold(ni) halides arc dimeric 

in solution, forming molecules (I) which arc also present R,^ .R 

in the crystalline compound, as is proved by X-ray analy- . ^.Au (1) 

sis [Burawoy, Gibson, Hampson, and Powell, ^ CAcm. ^Br ' '•R 

Soc.y (1937) *690]- The dialkyl gold(III) cyanides arc 

tetrameric in solution, [RjAuCN]^. The only structure compatible with the coordinating 
properties of gold, and the collinearity of groups bound to the —CN-radical is the 
i2-membered cyclic structure (II). This unusual mole¬ 
cular structure has been confirmed by the full X-ray 
analysis of the propyl compound ((CjHjl^AuCNJ^ 

[Phillips and Powell, Proc. Roy. Soc.y 173A, (1939) 147). 

The dialkylgold cyanide readily decomposes, losing the 
hydrocarbon Rj and forming first a more highly poly¬ 
merized monoalkyl gold cyanide, (RAuCNj*, and ulti¬ 
mately gold(I) cyanide, which has the structure of a 
linear polymer, [Au—C=N-*-Au—. . .],. 

[{C,H5),Au]jS 04 is soluble in benzene, cyclohexane, 
acetone, and water. It is dimeric in inert organic solvents, 
but is elcctrolytically dissociated in aqueous solution, and 
gives the reactions of ions. These arc probably formed by the reaction; 


R 


R 


R—.Au—C—N^.Au 

I 

C 


—R 


t 


N 

I 

I I 

C 

R—Au 


( 11 ) 


N 

I 

N=:C—Au 


—R 


R 


R 


[(C,H5),Au],S04 + 4H,0 - 2[(C,H,),Au(OH 2),]^ -h SO^. 

Anhydrous gold(III) chloride reacts directly with aromatic hydrocarbons. If reaction is 
allowed to go to completion, the products are AuCl, HCl, and chlorinated hydrocarbons, 
but the addition of ether checks the reaction at an intermediate stage. Monoaryl goId(III) 
dihalides—e.g., (C4H5)AuClj—may then be isolated. These dissolve unchanged in so¬ 
lutions of potassium chloride, probably forming complex salts (Kharasch, and Isbell 1931). 
The reaction is known as auration of the hydrocarbons, and takes place readily with a 
variety of aromatic compounds. 


lo. Analytical (Gold) [12] 

Gold is generally detected by means of reducing agents, which deposit metallic 
gold. In the compact state, gold is immediately recognizable by its fine yellow 
color. If reduction is carried out, in very dilute solution, the gold remains in 
colloidal dispersion, and, provided that suitable reducing agents have been used 
(e.g., iron(II) sulfate), is then detectable even in minimal amounts by the color of 
the colloidal sol. If tin(II) chloride is used for the reduction, an intensely colored 
and particularly stable colloidal dispersion is obtained {‘purple of Cassius’). In 
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this reaction the tin dioxide hydrate, formed in the reaction, serves as a protective 
colloid (cf. p. 677). 


The color reaction with dithizone (cf. p. 408 )is also a very sensitive test for as aUo 

is the benzidine blue reaction of Tananaev (1930). which is best carried out ^ a drop 

reaction on filter paper. The latter reaction depends on the oxidation 

(■’ H —C H,—NH., by gold(III) ions to a quinonoid dyestuff. It must be noted, 

r'‘”hat mh^r oxidantr (e.g.! manganese dioxide hydrate) can also bnng about 
formation of benzidine blue. 


For nuantilative determination, gold is also usually separated as the metal and 
weighed in that form. Even very small quantities of gold can be determined in 

this manner. 


Haber worked out a method for the determination of quite minimal quantities of gold 
(down to 10 g). It is based on the fact that the gold can first be precipitated together 

Ivi“r ;..ld, which may, if necessary, be used in a very large excess* The lead .s .hen 
cupelled off. .he remaining grain of gold fused in.o a sphere wnhin a borax bead, and ..s 
chan,, ter .neasured under a microscope. The grea.es. d.fficul.y .n de.erm.mng m.mmal 
quantities of gold consists in excluding the accidental introduction of gold into the analysis, 

from traces of gold present in the reagents. 


• Even if the gold is present in extreme dilution in solution, or in suspemion in water 
e.g.. for such jiurposes as the determination of the gold content of sea or river water—it is 
possible to carry it down quantitatively by producing a precipitate of lead sulfide m the 

sample. 
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CHAPTER 9 


SECOND SUB-GROUP OF THE PERIODIC SYSTEM: 

ZINC, CADMIUM, AND MERCURY 


Atomic 

numbers 

Elements 

Symbols 

Atomic 

weights 

Densities 

Melting 

points 

Boiling 

points 

specific 

heats 

\’alence 

slates 

30 

48 

80 

Zinc 

Cadmium 

Mercury 

Zn 

Cd 

Hg 

65-38 

I 12.41 

200.61 

7-«3 

8.64 

' 3-595 

4' 9 - 4 ° 
320.Q® 

-38.84° 

906° 

767° 

356.95“ 

0.0924 

0-0553 

0.0334 

II 

II 

(Ij II 


I. Introduction 


(a) General 

Sub-group II of the Periodic System comprises the elements zinc, cadmium 
and mercury. The two former are almost invariably dipositive in their compounds 
as is typical of elements of Group II. Mercury can not only have a valence state 
of 4-2, but can also be unipositive in many of its compounds. However, the 
mercury(I) compounds are invariably polymerized, in that they always contain 
a pair of linked mercury atoms—as, for example, in mercury(I) chloride, 
Cl—Hg—Hg—Cl—so that mercury is only univalent in the electrochemical 
sense, but is formally bivalent. 

The resemblances between, the Main Group and Sub-group elements are 
greater in Group 11 than in Group I. In particular, zinc and cadmium are closely 
related to magnesium. Thus the sulfates of all these elements are isomorphous 
(when similarly hydrated), and their double salts and complex salts often have 
analogous compositions. The double sulfates of mercury, of the type M'oSO^ • 
HgS04 • 6H2O, correspond to schonite, K^SO, • MgS04' bHjO. The elements 
of Sub-group II also share with magnesium the ability to form alkyl compounds 
readily. 

Zinc and cadmium have the same cr>'stal structure as beryllium and magnesium (cf. 
Fig. 57, p. 249 of Vol. I). For Zn, a = 2.6595 A, r = 4.9368 A; for Cd, a ^ 2.9731 A, c = 
5.6069 A. The length of the cell edge in the basal plane, a, is here equal to the shortest 
interatomic distance. The crystal structures of zinc and cadmium deviate from perfect 
hexagonal close packing, in the sense that the c axis is somewhat stretched. Axial ratios are, 
for hexagonal close packing, cfa = 1.633, fo** 2 n da = 1.86, for Cd cja = 1.89. For the 
crystal structure of Hg, see p. 457. 

Table 42 shows the atomic and ionic radii deduced from the cell dimensions of the metals 
and their crystalline compounds. Ionic radii are those for the bivalent ions. 
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SUB-GROUP 2 OF THE PERIODIC SYSTEM 

TABLE 42 


APPARENT ATOMIC AND IONIC RADII OP ELEMENTS OP THE ZINC GROUP 


— 

Element 

Zinc 

Cadmium 

Mercury 


.Atomic radius, A 

'•33 

'■49 

1.50 


Ionic radius, A 

0.83 

1.03 

I.I2 


I he metals of Groups IIA and IIB all have relatively low melting points and 
relatively high volatility. These properties arc more marked in the Sub-group 
th m in the Main Group, and mercury has the lowest melting point of all the 

niftals. 

As follows from Troulon’s Rule (Vol. I, p. 322), and their low boiling points, the metals 
of the zinc group have low latent heats of vaporization (cf. Table 43)—considerably smaller 
than those of the metals of Group IIA (cf. Vol. I, Table 46, p. 235), and very much smaller 
than those of the metals of the copper group (cf. Table 36, p. 362). 

Like the metals of the copper group, the Group IIB metals are diamagnetic. Their 
magnetic susceptibilities are given in Table 43. 

TABLE 43 

MOST IMPORTANT PHYSICAL CONSTANTS OP THE ELEMENTS OP THE ZINC CROUP 

Heat of Heat of 


Heat of fusion vaporization sublimation Spec, electrical Spec, magnetic 

(at the b.p.) (at o® K) in conductivity susceptibility 
cal/g kcal per cal/g kcal per kcal per at 18® at 18® 




g-atom 


g-atom 

g-atom 



Zinc 

26.4 

1-73 

4'9 

27.4 

31-4 

16.5 • lO* 

—0.15 • io-« 

Cadmium 

12.g 

1.46 

212 

23-9 

27.0 

13.2 • 10* 

—0.17 ♦ IO~* 

Mercury 

2.74 

0.55 

69-5 

14.0 

' 5-45 

1.044 ■ 

—0.168 * IO“* 


The metals of Group IIB, like those of Group IB, are heavy metals; in this they 
differ from the elements of Group IIA. The electrochemical character also alters 
in the sequence zinc—cadmium—mercury in the same way as it docs in the se¬ 
quence copper—silver—gold, but in the opposite sense to the gradation in the 
Main Group: the affinity for the positively charged state diminishes markedly 
from zinc to mercury, so that zinc and cadmium stand above hydrogen in the 
electrochemical scries, but mercury below. Mercury, indeed approaches the 
noble metals in properties. It docs form an oxide by direct combination with 
oxygen, but this breaks up again into the free metal and oxygen if it is rather 
more strongly heated. 

As in Sub-group I, the oxides arc colored, although zinc oxide is colored only 
when heated. The hydroxides are very sparingly soluble, and only weakly basic 
in character. Zinc hydroxide is definitely amphoteric*. As with silver, the oxide of 
mercury is precipitated instead of the expected hydroxide (cf. p. 464), when 
hydroxyl ions are added to mercury salt solutions. 

• Cd(OH)j and HgO also possess a certain measure of amphoteric character, although 
far less strongly developed than for Zn(OH),. It shows itself in that Cd(OH), and HgO 
nre rather more soluble in concentrated caustic alkali than in dilute. 
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The sulfides of the Sub-group II elements are insoluble iii water, like the sul¬ 
fides of the copper group, whereas the sulfides of the alkaline earths are soluble. 
Mercury(II) sulfide is black, like the Group IB sulfides; cadmium sulfide is also 
colored (yellow), but the zinc compound is white. 

The spectra of the elements of Sub-group II are closely related in struct lire to those oJ 
the Main Group (especially magnesium)—i.e., in the arrangement of energy levi ls from 
which the spectra arise. .As with the alkaline earth metals, the arc spectra of zinc, cadmium, 
and mercur>' involve two systems of principal, subsidiary, and fundamental series—nami ly 
a singlet system and a triplet system. The spark spectra, like those of the alkaline eartli 


TABLE .}4 

ELECTRONIC CONFIGURATION IN ATOMS OF THE ALKALINE EARTH METALS AND 

ATOMS OF THE ZINC GROUP 


Element 

Atomic 

number 

15 

25 

2 /. 

3^ 

3/» 

•id 

4^ 

4A 


4 / 

5^ 


5 d 

65 

Calcium 

20 

2 

2 

6 

2 

6 


2 








Zinc 

30 

2 

2 

6 

2 

6 

10 

2 








Strontium 

38 

2 

2 

6 

2 

6 

10 

2 

6 



2 




Cadmium 

48 

2 

2 

6 

2 

6 

iO 

2 

6 

10 


2 




Barium 

56 

2 

2 

6 

2 

6 

10 

2 

6 

10 


2 

6 


2 

Mcrcur>' 

80 

2 

2 

6 

2 

6 

10 

2 

6 

10 

>4 

2 

6 

10 

2 


metals, are similar in structure to the arc spectra of the alkali metals. The ground term, 
both in the arc spectra and in the spark spectra, is an s term in each case—i.e., both the 
most loosely bound and the second most loosely bound electron occupy orbits with -the 
subsidiary quantum number / = o in the ground stale of the atom. The configuration of 
the most loosely bound electrons—the ‘valence electrons’—is thus the same in the elements 
of Sub-group II and in the elements of the Main Group. Table 44 sets out the electronic 
configuration of the elements of Sub-group II, as deduced from the principles of the Bohr 
theory, with the configurations of the alkaline earth elements for comparison. It may be 
seen that the essential difiference in electronic structure between the zinc atom and the 
calcium atom lies in the fact that, in zinc, 10 additional electrons in the level are inter¬ 
posed between the ‘shell’ containing the valence electrons, characterized by the quantum 
symbol 41, and the 3s and 3/> levels of the ‘argon shell’. In zinc (as contrasted with copper), 
these are so firmly bound that they have no influence on the valence number of zinc. How¬ 
ever, the effect of this intermediate shell of 10 electrons is not confined simply to screening a 
corresponding amount of the nuclear charge: if this were so, the resemblance between the 
Xn*"*- and Ca'''+ ions would be much closer than it is. The difference between the atoms of 
cadmium and strontium is similar to that between zinc and calcium, as also is the difference 
between the mercury atom and the barium atom, except that in the latter case there is 
interposed not merely the 10 electrons of the shell, but also another intermediate shell of 
14 electrons, in the 4/level. The latter levels lie so deep, however, that their existence is 
practically without effect upon the valence properties of the atom. 

It is probable that the polarizing effect of the ions of the elements of Sub-group II, which is 
distinctly greater than would be expected from their ionic radii, can be related to the pre¬ 
sence of the intermediate levels. This property shows itself in a marked tendency to form 
layer lattices and structures which are ‘incommensurable’ with the ordinary ionic lattice 
types (cf. p. 380). In those compounds which do have structures commensurable with 
ordinary ionic lattices, all the elements of Sub-group II have larger ionic radii than magne¬ 
sium (cf. Fig. 3, p. 16 of Vol. I). In compounds which are incommensurable with ordinary 
ionic structures, however, the interatomic distances are considerably smaller than would be 
predicted, using the ionic radii deduced from structures of the first type. This contraction 
of radii can be ascribed to the effect of polarization. It is often assumed (as in the case of 
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TABLE 


MISCIBILITY AND COMPOUND FORMATION BETWEEN ELEMENTS 

Symbols have the same meaning 


l.i 

Na 

K 

Rb 

Cs 

Mg 

Ca 

Sr 

1 

«1 

Ba 

1 

B 

( • 0 

liq ■' oo 

liq < oo 



1 

j > 0 

s 0 

1 

1 

1 

a//qys 

alloys 

lig 0 ? 


5 o 

S 0 







s 0 

ll.iZil)? 

Na/n,(al 

K/n,3 

0 

« , 

MgZn* 

Ca^Zn* 

1 

— 

0 

1 

iinstab. 

5«S 

! 

{ 

1 

' 354 ’ 

450 ’ 



1 

l,i_,/.ii, 

1 Na/n,, 


1 

1 1 

1 1 

MgZn, , 

CaZn* 


1 

1 

'.j'l 

'.•.7 


1 

1 

59" 

431 ' 



1 

l.i/ii|] 

» 


1 

1 

1 

j 

MgZn,* 

Ca,Zn3 


! 


■I 1 

1 


1 

1 1 

381 “ 

bBB- 

1 



I.i/nj.i* 

1 




1 

1 

CaZn, 









6B<> 


1 

' 

1 

\ .i/n.* 





1 

CaZn,, 


1 

1 

1 

jHi 




^ 

i 

717 ' ; 


1 

1 

1 

1 

1 

V O 

t O 

litj •- oo 

liq < oo 

liq < 00 

r < 00 

liq < 00 ? 

s 0 ? 

1 alloys 

> 

r 



l o 


i 


s < 00 


1 


1 i.Cd 

XaC;(l2 

KCd,? 

RbCd,3 

CsCd,3 

(Mg3Cd] 

CajCd,* 

SrCd 


— 


iH', 




«5o' 

510 ’ 


I 


l.iCd 

NaCd,^ 

KCdjj 



(MgCd] 

CaCd 

SrCdjj 

1 


Mm 

il>o 

4«7 



251’ 

685 ’ 









[MgCd,] 

CaCds 


, 

1 





1 

89 ’ 

6ia’ 


1 

1 

1 

1 

.iImi 




1 

1 





1 





1 




1 

1 

\ <) 

> 0 

f o 

i o 

j 0 

1 

S 0 

5 0? 


t 

1 _ 

1 

1 


Na,Hg* 

KHg* 

Rb,Hg,* 

Cs,Hg3?* 

Mg3Hg* 

CaHg3 

Sr^Hg,? 

BaHg,o* 

— - 



«7« 

1^7 

«7i’ 

509 '' 



185 ’ 



NajUgj* 

KHg, 

Rb3Hg/ 

CsHg, 

Mg^Hg,? 

CaHg,* 

SrHg,? 

1 


17 

t)b 

370 

•v 

2«>8’ 


2b3' 






KHg3* 

RbHgj 

CsHg, 

Mg,Hg 

CaHgjo* 

SrHg,3? 

1 

1 



204 

4 s 6 ' 

164^ 


84' 




I.Hg 

NaHg 

K.Hg/ 

RbjHg, 

, CsHg, 

MgjHg, 





V*’' 

'IM 

«73' 

•97^ 

• 58“ 








KHg,* 

RWHg,,* 

CsHg,,* 

MgHg 





340* 

iia' 

70 

'94' 

73’ 

* MgHgj 






NaHg* 


Rb,Hg,* 






nr 

354' ! 


163’ 


170’ 






NaHg,* 


RbHg,* 


1 








I3i’ 










RbHg,* 










67' 








riiis compound is obtained from liquid ammonia solutions and not from melts. 


many compounds of Sub-group I) that this mutual distortion of the components of such 
compounds goes so far that the atoms quite lose their ionic character, and the binding for¬ 
ces become covnhnt. 

1 he alkvl comfioHiuh, which are formed by all the elements of Sub-group 11 , are un- 
dmibteclK covalent compounds. The most readily obtained of these are the zinc alkyls 





I 


I.\ 1 KODLC I ION 




Ll 45 

OF SUB-OROUP 11 AND THt ELEMENTS OF THE MAIN OROl’PS 

• , as in Table 9, p. 49. 



Al 


Ga 

In 

n 

Sn 

Pb 

As 

Sb 

Bi 

s 

Sc 

s 

< 00 


5 0 

s 0 

liq < oc 

\ 0 

liq < CO 

I 0 

1 0 

liq < oc 


liq oc 






i 0 


f 0 



s > 0 



0 


0 

0 

0 

0 

0 

ZnjAs^, 

Zn^Sb^ 

0 

ZnS 

ZiiSc 









u>i 5 

sU 






1 


' 




ZnAs^ 

ZnjSbj* 












771 

V 1 






\ 

4 


f 

1 

1 

1 

1 

1 

1 




ZnSb 

• 





1 


i 

1 

1 

1 

1 

1 

1 


• 



* 

liq 

< 00 

liq 

< 00 

|t> 0 

s 0 

‘ j > 0 

s > 0 

» 0? 

5 0 

1 0 


liq V.. 00 

1 

( 0 


S 0 

I 



• 






0 


0 

0 

0 

0? 

0 

Cd 3 As, 

Cd 3 Sb, 

0 

CdS 

c:ds,- 








^ 1 

1 

7 ii 

unstab. 








1 

1 



, 1 


*23' 






f 

1 

1 




i 

1 

1 1 

' 1 

1 

CdAs, 

CdSb 

$ 


1 


1 

1 

1 


1 

1 

1 

1 

t 

1 

1 

1 

i 

1 

r> 2 i 

556' 

! 

i 

1 

1 

i 


4 

( 

$ 

> 0 

Uiq 

< CO 

1 

J < 00 ! 

J -V 0 1 

1 I < 00 ^ 



! TO 





1 

$ 0 





1 

1 

E 

1 

1 




0 ^ 

i 


0 


Tl^Hgs 

Hg 3 Sn? ! 

i 0 

HgjAs, 

HgjSb, 1 

1 

0 

HgS 

HgSe 


1 





1 


1 

1 

1 1 
1 1 




1 

1 



1 

1 

4 


HgSn.,? ’ 

1 

1 

1 

1 

1 : 

1 

i 

1 

1 

1 

1 

j 1 

i 

1 

1 

1 


4 

1 

1 

i 





1 

1 

i 

$ 


1 

I 

1 ' 

1 

! 1 


1 

1 

1 




1 

1 

1 

1 

1 

1 

T 


» 


1 

1 

1 

1 

t 

1 

1 

k 

I 


' 1 

' t 

t 

\ ' 


(p. 444). Their formation can be interpreted in the same way as for the elements of Main 
Group II (cf. Vol. I, p. 239). 

(b) Alloys 

The metals of the zinc group, like those of Sub-group I, have great alloying power. 
Their behavior towards the metals of the Main Groups is summarized in Table 45. Tables 
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..iw n in t-arlirr chapters have incluck-d the alloys formed with the metals of the Sub-groups 
a ady d cussed. The Sub-group II metals also form numerous m.errnetalhc compounds 
: ::i; .ncal.,, bu, <10 ..o. con,binc -.her among .hernsclycs or (w.th very few ex- 

c piions) with e'emen'ts with other metah^can be divided into four 

grm,r’”r fin. of these comprises the compounds formed with strongly electropos.tive 
n e Is (a kali and alkaline earth metals); as is shown in Table 45. these are extraordmanly 
urn roi -especially the compounds of the alkali metals w.th mercury These conforn. to 
ru ™a,;cl bv Biltz and Ueibke:-as judged by the mercury content and thermal stab.hty 
i nhe arils compounds, the capacity to combine w.th mercury .ncreas« amongst he 
ka s from lithium .0 cesium. The existence and stability of losver mercur.des .s typ.cal of 
'th light.r alkal. n.etals, whereas with the heavier alkal.s the h.ghc-r mercur.des are more 
t b The second group of compounds includes the compounds of the Sub-group II met^s 
w h ,.|,■n.en.s of only wlkly metallic character, such as arsen.c and ant.naony. Compounds 
1 h.s group co..s.i.ute a transition towards the normal valence type, formed w.th non- 
1 tals and they generally have compositions corresponding to normal va enee compounds 
h not. worthy tit between these two classes-compounds of Sub-group II metals (a) w.th 
.1 rongly electropositive metals and (b) with the very weakly electropos.t.ye elements- 
there is interposed a section of the Periodic Table (Main Groups III and IV) m which 
practically no compounds are formed with the elements of Sub-group II. The third group of 
Impound are the -electron compounds’, of the Hume-Rothery type. It may be seen from 
Table . (p. a.) that zinc and cadmium arc particularly prone to fornt compounds of this 
type, and invariably enter into them as -metals of the Ilnd type-. It follows ha. the for- 
mlion of this group of compounds .s also restricted .0 a definite part of the Periodu: 
System, namely that in which the 'metals of the firs, type' are found The meuls o Sub¬ 
group 11 appear .0 have a very small capacity for forming compounds with the metals of 
Lb-loups IV to \ I and none have as ye. been definitely characterized. If any exist, they 
can be assigned to a fourth class of compounds, which includ« the compounds between the 
Sub-group II elements and the metals of Sub-groups VII, VIII and I, m sofar as they are 
not of Hume-Rothcry type. Only a few compounds of this class are known, and the factors 

which determine their formation and composition have not been worked out. 

Compounds of the elements of Sub-group 11 with non-metals arc almost invanably of the 
normal valence type. This is true even for those non-metals which, with elenaentsofthe Su^ 
groups previously considered, tend to form compounds which approach the intermetallic 
type This corresponds with the fact that, in atomic structures, the metals of Sub-group II 
are rather similar to those of Main Group II; as is usual with metals in the Mam Groups, 
these form normal valence compounds with the non-metals. 


2. Zinc (Zn) 

(a) Occurrence [/] 

Zinc is widely distributed in the earth, in the form of its compounds. The most 
common ores are calamine or zinc spar, ZnCOj, and zinc blende (sphalerite, mar- 
matite, or ‘black jack’), ZnS. A few silicates are also of importance as zinc 
ores, namely siliceous zme ore, Zn.Si04 • H2O, willemile^ ZnjSiOi, and troostiUy 
(Zn, Mn)jSi04. 

Ores which are almost peculiar to America include zinciu or red zinc ore, 
ZnO, and frankliniley (Zn, Mn )0 ■ FcjO,. Related to the latter is zinc spinel or 
gahnite, ZnAlj04, which occurs in well formed crystals, but usually only in very 
small amounts. It therefore has no significance as an ore mineral. 

Iron ores often contain small amounts of zinc. When they are smelted in the blast furnace, 
the zinc is enriched in the dust which is deposited from the stack gases (especially in the 
finest fractions). These can contain as much as 30% of zinc (as oxide), and are therefore 
valuable as a raw material for the extraction of the metal, to supplenKnt the zinc ores 
proper. 
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(b) History 

As a pure metal, zinc became known only in relatively recent times, at least in 
Europe, since the technique of extraction from its ores is not a simple one. Its 
allo> with copper, brass, has been known since Homeric times, however, and was 
obtained by melting copper with an ore which was known to the Greeks as xaSpeta 
(referred to as cadmia by Pliny). It is possible that the name calatnine for the 
earliest recognized zinc ore was derived from this name. 

Pure zinc seems to have become known in Europe towards the end of the Middle -Ages, 
and was first clearly recognized as a metal by Paracelsus. It was obtained from China and 
India, where it had long been known, until in 1721 Henkel found that zinc could be ob¬ 
tained from calamine. A works for the production of zinc was erected about 1740 in Bristol 
(England), by Champion. The smelting of zinc in Silesia began in 1798. This region became 
the principal producer of zinc until 1907, when it was exceeded by the United States. 

(c) Preparation [/, 

y zinc was extracted almost exclusively by purely chemical 
methods (by the so-called distillation process). In recent years, the electrolytic 
process has come into use on a rapidly increasing scale, and the electrolytic ex¬ 
traction of zinc now ranks after the production of copper as the most important 
electrometallurgical process carried out in solution. The distillation process is now 
chiefly used for working up those zinc ores which present special difficulty for the 
application of electrolytic methods—e.g., in smelting zinc blendes which contain 
certain silicates as gangue minerals; if these are decomposed by acids, the resulting 
leaching solutions are excessively difficult to filter. 

The purely chemical extraction by the distillation process [.?] is based on the 
ease with which zinc oxide is reduced by carbon (coke): 

ZnO + C=Zn + CO. (i) 

Zincite, franklinite, and the anhydrous silicate can be subjected directly to 
reduction with coke. Calamine is first converted to zinc oxide, by heating it in a 
shaft furnace (2), and blende is roasted in a reverberatory furnace or muffle (3): 

ZnCOj = ZnO -I- CO, (2) 

ZnS + i; 0 , = ZnO + SO, (+114.5 kcal). (3) 

The SO, formed by reaction (3) is ordinarily converted to sulfuric acid. 

The old ‘muffle process’ is still used to some extent for the reduction. In this, the zinc 
oxide, mixed with coke, is heated in relatively small, inclined, fireclay retorts or muffles, a 
considerable number of which are usually combined to make a single furnace. The zinc 
distils out of the muffles, and is carried over by the escaping carbon monoxide into small 
receivers in which it condenses as a liquid. Any zinc which does not condense there is caught 
as ‘zinc dust’ (a mixture of powdered metal and zinc oxide) in sheet iron cans (known as 
adapters or assay crucibles) attached to the receivers. The crude zinc or spelter which is 
produced in this way usually contains a considerable amount of lead as impurity, and some 
iron as well. It is purified by remelting. The refined zinc usually still contains about 1% of 
lead. Fine zinc, with a content of at least 99.8% Zn, can be obtained from this by redistil- 
lation*. 

* Spring and Romanoff give the solubility of lead in zinc, at the melting point of the 
latter, as 1.5% by weight. However, the vapor pressures of lead and zinc at 1000° are 
roughly in the ratio i : 2000. It follows that a far more complete separation between zinc 
and lead can be acheived by distillation than by remelting. By close control of the process, 
it is indeed possible to prepare zinc of 99-99% purity on the technical scale. 
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1 hr zinc ihi.il obtainrcl as a by-product in this process cannot be melted down directly, 
situ, tin individvial particles are covered by an oxide coating. Much of it comes directly 
into commerce (for usc-s. see p. 433): otherwise it is mixed in with the zinc ores to be 

sinrltccl. and re-cycIcd. 

I'he Vat' Jersfv procea is considerably more economic in operation than the old muffle 
pKKcss; it permits continuous operation, and yields directly a crude zinc of relatively high 
[niritv It utilizes vertical retorts built of silicon carbide bricks, which arc 

external IV heated to 1200-: •^oo® by means of producer gas. I he charge is introduced into 
the^r- retc rts in the form of briquettes, which are made from a mixture of finely ground zinc 
oxide I or roasted blende) and coke, with a suitable binder, by pressing at a moderate 
tem|)erature. The zinc, which collects in a condenser, can be refined by a further process of 
the .\ew Jersey Zinc Company, which invoivc's healing it to i too'’; the vapors are fractional- 
Iv rotidensed in a rec tification column (similar in principal to that used in the rectification 
of alcohol I. Zinc rich in cadmium passes into the upper end of the column, fine zinc with a 
|)urity ol qcj.cjcj','*,, collects in the middle, while the so-called ‘wash zinc’, which contains all 
the lead, rop[ier, and iron present in the original crude zinc, is obtained from the bottom 


of thi- < oliiinn. 

Zinc is now (since 19',G extracted from ores with a high iron content by the Sterling 
procea. which was also developed by the New Jersey Zinc Company. This employs an 
elc ( trie arc for heating, and the radiant heat brings about a reduction of the ZnO, by the 
carbon in the lurnace charge, before any molten slag has been formed. Reduction of the 
FcjOj to Fe takes place only after this stage is reached, and the iron collects in the molten 
state below the slag. I he slag and the iron arc tapped off at intervals, while the zinc vapors 
leaving the u[}per [)art of the furnace are condensed to liquid zinc in a condenser. 


Tlie electrolytic preparation of zinc f j] is generally carried out by leaching zinc from 
ii-s ores as the sulfate, by means of sulfuric acid, and depositing the metal electro- 
Ivticallv from the acid sulfate solution, at a high current density. 

4 * 


The fact that zinc can be eicctrodeposited from acid solution, although it stands well 
abo\e liydrogen in the electrochemical series, depends upon the high over-voltage of 
hydrogen when liberated cathodically at a zinc surface. This factor is operative only as 
long as the zinc is not contaminated by substances which have a smaller over-voltage for 
hydrogen. The hydrogen will othcrwi.se be discharged and liberated at these impurities; 
this results not only in a reduction of the current efficiency, through liberation of hydrogen, 
but may lead to the dissolution of zinc which has already been deposited, as a consequence 
of the establishment of local couples (p. 432). This effect can be brought about by even quite 
small traces of impurities with low over-voltage, which may be present in the electrolyte, 
if they are more noble than zinc, and are therefore deposited at the same lime. For example, 
germanium, which is present in traces in many zinc ores, has occasionally caused great 
difficulty in the electrolytic separation of zinc. The more noble impurities are now gene¬ 
rally removed by adding zinc dust to the electrolyte solution. The manufacture of anodes 
which were sufficiently resistant towards electrochemical attack also presented great 
difficulties at first. For these reasons, the electrolytic extraction of zinc only developed into 
a large scale industry during 1920-30, although it had been introduced in 1894 (by Hbpfner 
at Fiirfurth-on-Lahn), and is in general preferable to the distillation process. When the 
technical difficulties had once been overcome, the electrolytic process expanded rapidly, 
and by 1934 a third of the world’s zinc production came from this process. It not only 
furnishes zinc of a very high degree of purity, but the recovery of zinc content from the ores 
used is much more efficient than is usual with the distillation process, and especially as 
compared with the old muffle process (Belgian or Silesian process). It can also be applied 
to low-grade ores, which are not suitable for smelting with coke, and it permits the recovery 
of other valuable metals w'hich are frequently present in the zinc ores. However, it requires 
the expenditure of a relatively high consumption of electrical energy. Cell voltages of 3.3 
to 3.7 volts are customary, which—with a current efficiency of 90%—corresponds to 3000- 
4000 kWh of direct current energy per ton of zinc, without making allowance for cuirent 
losses in conductors and converters. 

The electrolytic preparation from zinc sulfate also has the advantage, as compared with 
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distillation processes, ol being more widely applicable, and imposing Ic.-w limitation on the 
type of ore used. Thus it makes it possible to work up highly siliceous ort s. or ores of rela¬ 
tively poor zinc content, while recover^' of the other metals present in the ores can readily 
be effected. The economics of the electrolytic process, however, depend greatly on the cost 
of generation of electric current. About 40°,, of the present world zinc production com«s 
from the electrolysis of zinc sulfate. 

Fused salt electrolysis (from ZnClj-KCI mixtures) has occasionally been used for the 
preparation of zinc. It has some advantages for ores from which ZnClj can readily be 
obtained by chlorination and distillation. 

Zinc is also obtained in the form of ZnCL from pyritic ores which contain zinc, by 
leaching the products of a chloridizing roasting process. ZnClj solutions with a high NaCI 
content are formed, and zinc may be deposited electrolytically from these by the 
process, developed (1937) by the Duisburg copper smelters. This is based on the electrolysis 
of alkali chlorides. Graphite is used for the anode, and the cathode is formed by mercury 
flowing in a thin layer over the bottom of the cell. The resulting zinc amalgam runs through 
a second cell in which it forms the anode. If is to be converted into zinc white, a solution of 
NaHCOj is used as electrolyte. As the zinc goes into solution, it is precipitated as carbonate, 
which is ignited to the oxide. If the zinc is to be recovered as the metal, a ZnSO, solution 
is employed as electrolyte in the second cell, and the zinc is deposited on sheet aluminum 
cathodes. 


(d) Properties 

Zinc is a bluish-white metal with a strong luster, which gradually disappears in 
moist air as a result of superficial oxidation. It is fairly brittle at ordinary tem¬ 
perature, but is sufficiently ductile between 100'^ and 150® to be rolled into sheet 
or drawn into wire. Above 200®, however, it becomes so brittle that it can be 
pulverized by grinding. Zinc is very fusible (m.p. 419.4®), and is one of the most 
volatile metals (b.p. 905.7®). The specific gravity of the purest cast zinc is 7.13 
(at 18®), that of rolled zinc being a little higher. The density of liquid zinc is 6.92 
at the melting point. The hardness of zinc is 2.5 on Mohs’ scale. The mechanical 
properties of zinc are considerably modified by impurities. Thus the presence of 
0.12% of iron markedly impairs the rolling properties. 

The thermal conductivity of zinc is 61—64°^ and the electrical conductivity 27% of that 
of silver (cf. Table 43 p. 424). 

The standard potential of zinc is -1-0.762 volts, relative to the normal hydrogen clcctrod* 
(La Mer, 1934). Zinc accordingly stands well above.hydrogen in the electrochemical series 

In accordance with the fairly strong tendency of zinc to become positivel> 
charged, which is evident from the position of zinc in the electrochemical series, 
zinc dissolves vigorously in dilute acids, with the evolution of hydrogen 

Zn - 1 - 2H+ = Zn++ + H,. 

It is not perceptibly attacked by pure water, but it dissolves in strong caustic 
alkalis, and also in aqueous ammonia and in ammonium chloride solution, especially 
when these arc warm. If the zinc is extremely pure, however, the dissolution is 
inhibited, or takes place only very slowly. The same applies to dissolution in acids. 
When very pure zinc is to be dissolved in acids, it is therefore usual to add a few 
drops of a very dilute solution ofcoppersulfate, to accelerate the reaction. Copper, 
which stands far below zinc in the electrochemical series, is at once precipitated by 

displacement, contaminatesthesurfaceofthe zinc, and accelerates the dissolution. 
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The action of impurities in the zinc or on its surface, in speeding up the dissolution, arises 
from the formation of galvanic couples between the zinc and the impurities. Those portions 
of the zinc which are not covered by the impurities then go into solution, while the hydrogen 
is lilx’rated on the impurities, which generally consist of more noble metals. By a process of 
charge transfer within the metal, local currents come into operation, such as arc shown (by 
the arrows) in Fig. 48.* In the absence of impurities, the hydrogen can be discharged only 
at the surface of the zinc itself. It is generally assumed that it remains on the surface, to 
form an exceedingly thin film, which hinders the entry of further portions of zinc into the 
solution: the further liberation of hydrogen is thereby inhibited, so that bubbles cannot 
grow and break away. In view of the high over\'oltagc which must be established before 
hvdrogen can be evolved from a zinc surface, it is likely that the hydrogen ions cannot be 
discharged, or at least that the combination of the resulting H atoms to form Hj molecules 
cannot take place on an absolutely pure zinc surface. (Vol. I, p. 31 et scq). The effect is so 
marked that really pure zinc is practically insoluble in dilute acids. 

By amalgamating the zinc surface, the effect of the impurities is diminished, since local 
currents can no longer be formed, as indicated in Fig. 48, on the uniformly amalgamated 
surface. Dissolution of the zinc then takes place only when some other metal, such as copper, 


Fig. 48. Effect of impurities in the surface 
of zinc, in accelerating dissolution through 

formation of local couples (schematic). 

dips into the solution and is joined to the zinc by a conducting path as in the galvanic cell 
shown in Fig 49 [ 5 ]; the zinc dissolved is then equivalent to the hydrogen liberated on the 
copper. Zinc plates used in galvanic cells are ctistomarily amalgamated before making 
them up into cells, in order to give them a long life. 

According to the Nernst formula (eqn. (i) on p. 29 of Vol. I), the deposition potential of 
hydrogen from pure water is only 0.41 volt greater in magnitude than from a solution i- 
normal with respect to H"*" ions. A zinc electrode therefore assumes a negative potendal, 
with respect to the hydrogen electrode, if it dips into pure water or a neutral salt solution. 
In spite of this, detectable amounts of zinc do not di^lve in water, even when the zinc is 
impure so that local currents could be set up. This is because zinc hydroxide, formed by 
reaction with water, is practically insoluble, and as soon as it is formed in traces at the sur¬ 
face. the zinc is protected from further reaction with the water. If the protective film is 
removed by the addition of substances in which zinc hydroxide is soluble (e.g., caustic 
alkali or ammonia), the zinc dissolves with evolution of hydrogen. Ammonium salts can 
also facilitate the dissolution of zinc, since some ammonia is always present in their solu¬ 
tions through traces of hydrolysis. The use of ammonium chloride as electrolyte in dry cells 
and Leclanch^ cells depends on this fact. 

• The formation of local currents in this way plays an important role quite generally in the 
dissolution of metab in acids. 




Fig. 49. Galvanic cell 
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In a solution i-normal with respect to liydroxyl ions, the solution potential of hvdrogcri 
( + o.8i volts relative to the normal hydrogen electrode) lies above the normal potentiaf of 
zinc. However, the solution potential of zinc is also displaced considerably towards more 
positive values in strongly alkaline solutions, since the concentration of the free zinc ion. 
becomes ver)’ small through the action of the equilibrium 

Zn'^ + 3OH .e[Zn(OH)3]-. 

In consequence of this, the solution potential of zinc lies above that of hydrogen in strongly 
alkaline solutions also. The action of ammonia is similar, since it dissolves zinc hydroxide 
to form tetramminczinc hydroxide, fZn(NHj)4](OH)2, and accordingly holds the zinc ion 
concentration at a low level throtigh this complex formation. Neutral ammonium salts 
have a much weaker complex-forming action, but the hydrogen potential is also considerably 
lower in their neutral solutions. 

The heat of solution of zinc in dilute hydrochloric acid is 18.2 kcal, in dilute sulfuric acid 
18.9 kcal per g equivalent (at constant pressure). 

Zinc docs not dissolve with evolution of hydrogen in dilute nitric acid, but the hydrogen 
is consumed in statu nascendi in the reduction of the acid. Very concentrated nitric acid is 
thereby reduced chiefly to nitrogen oxides. At lower concentration, ammonia is formed as 
well. Sulfur dioxide is liberated, in place of hydrogen, from concentrated sulfuric acid. The 
hydrogen which is liberated from dilute sulfuric acid is also often contaminated with sulfur 
dioxide and hydrogen sulfide. 

Zinc burns with a brightly luminous, blue-green flame when it is heated in air, 
forming the oxide ZnO. It is also oxidized at a red heat by steam and by carbon 
dioxide, the latter being thereby reduced to carbon monoxide. 

Zinc reacts with the halogens rather sluggishly at ordinary temperature, and 
only in presence of moisture. Hydrogen sulfide reacts with zinc even at ordinary 
temperature, but the sulfide formed superficially protects the metal from further 
attack. Powdered zinc combines directly with sulfur. Zinc does not react to a 
detectable extent with nitrogen, even in the vapor state, but the metal reacts with 
ammonia at red heat, forming the nitride ZnjNj. The reaction is generally in¬ 
complete, however, even with zinc powder. 

In the molten state, zinc is completely miscible with many metals—e.g., with Cu, Ag, 
Au, Cd, Hg, Mg, Ca, Mn, Fe, Co, Ni, AI, Sn, Sb, As. In the solid state, however, it forms 
homogeneous mixtures only over a very restricted range. It can enter to the extent of about 
I % by weight into the crystal lattice of cadmium, and also forms mixed crystals over a very 
narrow range with magnesium. Zinc forms compounds with many metals (p. 426-7)—e.g., 
with Cu, Ag, Au, Mn, Fe, Co, Ni, Rh, Pd, Pt, As, Sb, Mg, Ca, Li, Na, K, but not with 
Cd, Ga, Tl, Cr, Bi, Sn, and Pb. Zn and Pb are imcompletely miscible the molten state. 

(e) Uses 

The metal finds extensive uses, especially in the form of sheet zinc—e.g., for 
roofing and wall coverings, rain water gutters, the lining of troughs, etc. Cast zinc 
is also a suitable material for many objects. Large amounts are also used in gal¬ 
vanic cells (notably in dry batteries). It is used in the laboratory, generally in the 
form of zinc rod^ for the generation of hydrogen, dust (usually containing much 

oxide) has extensive uses as a reducing agent in the laboratory and in industry. 
Metallurgical uses of zinc are for the desilverization of lead (Parkes process, p. 393) 
and for the precipitation of gold after cyanide leaching. 

Among alloys if zinc [.4], those with copper (the brasses) are the most important. 
During recent years these have been replaced for many purposes by alloys of low 
copper content or copper-free alloys (especially aluminum alloys), of which zinc 
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is often the principal constituent. Examples of these are white brass, (85% Zn, 
5",, Al, Cu), lumen bronze (88% Zn, 6% A 1 6% Cu) and Zelco (83% Zn, 

i5'\, Al. 2’^,, Cu). 

Large quantities of zinc are used for protective coatings on other metals, and especially 
on iron, fhes.- may be applied by dipping in molten zinc (hot galvanizing, pot galvanizing) 
[5], by spraying (mclal spraying process), by the action of vapor (vapor galvanizing), or by 
galvanizing in the proper sense. Zinc-coated iron sheet is commonly known as ‘galvanized 
iron’, irrespective of the method used for coating. 

Many of the compounds of zinc arc used as pigments—in particular lithopone 
(a mixture of ZnS with BaSO<, produced by double decomposition of BaS with 
ZnSO*) and zinc white, ZnO. Very fine zinc dust (‘zinc grey’) or finely powdered 
zinc blende (‘zinc sulfide grey’) are much used for rust-preventive paints on iron— 
e.g., on bridges, and for machine parts. A number of zinc compounds, such as the 
chloride and sulfate, find medicinal uses as antiseptics. Basic zinc borate is used as 
a dusting powder. 

Zinc compounds are relatively low in toxicity, but large quantities may have 
injurious effects. In view of the ease with which zinc is dissolved, zinc vessels are 
therefore unsuitable for the storage of food stuffs, and their use for this purpose is 
prohibited by law. 


3. Compounds of Zinc 

Zinc is always positively bivalent in its compounds. The colorless ion Zn++ is 
present in solutions. The compounds are invariably colorless unless the other 
component imparts some selective absorption of light. Even the sulfide is colorless, 
as also is the oxide at ordinary temperature; the latter turns yellow when it is 
heated. 

In general, the tendency of zinc to form complexes with most anions is smaller 
than that exhibited by copper. However, the tendency to combine with additional 
hydroxide ions—i.e., the tendency of the hydroxide to forn> salts with strong alkalis 
—is much greater for zinc than for copper. Zinc hydroxide is defintely amphoter¬ 
ic. Like aluminum hydroxide, it acts in alkaline solution as an anhydro-acid; i.e.> 
it goes into solution not by splitting off H* ions, but by adding on OH" ions to 
form hydroxozincate ions (commonly called zincaU ions)—e.g., 

Zn(OH), + OH- = [Zn(OH),]-; Zn(OH), + 2OH- = [Zn(OH4)]=, etc. 

The zincates derived from them are of the types 

M>[Zn(OH)3], M‘,[Zn(OH)4] or M“[Zn(OH)J, and M“,[Zn{OH),]. 

The view that the zincates obtained from solution were actually hydroxosalts was fint 
suggested by Pfeiffer in 1908, on the basis of Werner’s theory of anhydracfds. This concep¬ 
tion found support in the formation of hydroxosalts by other metallic hydroxides (hydro- 
xostannates and hydroxoplumbatcs, Vol I,pp.532, 547), but was first proved by Scholder 
(1933), when he showed that the water present in the compounds is not water of crystal¬ 
lization, but is constitutively bound. Thus the sodium salt of composition Na ,0 * ZnO * 
2H,0 loses only one molecule of water between 190* and 200*. The second molecule is 
retained even after long heating to 465® and can be driven off completely only by fusion 
with KjCfjOy. If this compound were really a dihydrate, Na,ZnO, • 2H,0, it would he 
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expeut^d that u would lose ail its water on morlerate heating. If. howe\er, it is a ti\<Jruxo 
salt, I\aj[Zn((JH)^]. ilic observations can be inlcrprrlcd on the hypothesis iliat tiiis de- 
composes a lutlc bdow 200', with the loss of . H ,0 since Zn(OH), is'noi stable above .00 . 

Na2[Zn(OH)J — ZnO + aNaOH - H^O. Fusion with potassium dichromate brings 
about expulsion of water from the NaOH : 

2NaOH KjCr^O, = K^CrO, + Na,CrO, + H, 0 . 

NaOH do« not react with ZnO, to form Na,ZnO, with liberation of water, e^en upon 
prolonged heating. * 

The following compounds, isolated by Scholdcr, arc examples of hydroxo7inrates: 

Na[Zn(OHj,], Na[Zn(OH)3] ' 3H*0. Naj(Zn(OH),]. Na3(Zn(OH)J ■ 2H3O, 

Sr[Zn(OH)J • H^O, Ba[Zn(OHi^] ■ H^O. Sr2[Zn{OH)6], Baj[Zn{OH) 6 ]. 

Some ofthe.se contain water of cr>’stallization as well as constitutional water. The former is 
usually lost easily-e.g.. from Ba[Zn(OH),] • HjO at 87 . and from Na(Zn(OH)3] • oH ,0 
at room temperature over sulfuric acid. 


Zinc also forms complex • cations, by association with neutral ligands, and 
especially with ammonia. Compounds (such as the hydroxide) which arc in- 

\ s^^l \ e in aqueous ammonia through tiie formation of such 

complex ions. 


Although they are ven’ soluble, it has been possible to isolate a scries of amnioniaics in 
the crystalline state. Most of them conform to the type [Zn(NH3)2]X3 (diamminezinc 
salts), but some crystallize with 4NHj (telramminezinc salts). It has not been possible to 
prepare ammoniates with 6NH3 from solution, but they have been obtained bv drv 


methods. The series (Zn(NH3)]CI*. [Zn{NH3)2)Cl,, (ZnfNH,), 
[Zn(NH3)g' 

[Zn(NH3)4 


CI3, [Zn(NH,)3]Cl3. 
ZnCNHaljjSO^-H.O. 


Clj is known for the chlorides, and the series 
ISO4, and [Zn(NH3)5]S04 for the sulfates. 

Zinc salts can combine with many organic nitrogen compounds in the same way as 
with ammonia—e.g., with aniline, phenylhydrazine, pyridine, quinoline, strychnine, etc. 
Most of these are also of the type [Zn AmgJXj, with two molecules of the organic anhydro- 
base as ligands, although compounds of the type [Zn Am«]X, are also known. Among these 
are the tris-ethylene-diamine zinc bromide described by Werner, [Zn en3}Brj. 

Table 46 summarizes some properties of the most important simple compounds of 
zinc. 


TABLE 46 

HEATS OF FORMATION, DENSITIES, MELTING POINTS, AND BOILING POINTS 

OF SOME SIMPLE ZINC COMPOUNDS 


Compound 

Heat of formation 
kcal/g-equivalent 

Density 
at 25® 

Melting 

point 

Boiling 

point 

ZnO 

41.6 

578 

ca. 2000® 

ca. 1725° 




(under press.) 

(sublimation temp.) 

ZnS 

20.7 

4.06 

1800-1900° 

1180° 




{under press.) 

(sublimation temp.) 

ZnF, 

96.4 

4.84 

872° 


ZnCI, 

49-4 

2.904 

3 > 8 ° 

730° 

ZnBr, 

— 

4.20 

394 * 

650° 

Znij 

24-9 

4 74 

446* 



Among the simple salts, the chloride (and the other halides, except the fluoride), 
the nitrate, the sulfate and the acetate are very soluble in water. Sparingly 
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soluble compounds are the oxide, hydroxide, and sulfide, and also the carbonate, 
fluoride, phosphate, silicate, cyanide, and cyanoferrate(II). Potassium zinc cyano- 
lerratc(II), K,Zn,[Fe(CN),]2, which is also sparingly soluble, is of importance in 

analysis. 

Many basic sails of zinc are known, most of them, according to Fcitknecht 
(.933) being of the ‘double layer lattice’ type (cf. p. 298). The principal layers in 
these are built up from Zn{OH),; in the intermediate layers the ions of the salt 
are usually arranged in a regular manner on definite lattice positions, although 
in some of them the ions in the intermediate layers arc not bound in fixed posi¬ 
tions. As in the case of the green basic cobalt chloride (p. 298), this results in a 
variable composition for the compound, although it may be well crystallized. 
\SimpU layer lattice’ structures are very rarely found in basic zinc salts (e.g., in 
Zn(OH)Cl), whereas this structural type is common among basic cadmium salts. 

On the basis of Werner’s ideas, the basic zinc salts were formerly regarded as ‘ol-com- 
pounds’ (cf. p. 390). Although X-ray studies have shown that this idea is not valid for the 
solid state, it appears from the work ofHayek (1934) that it is probably true of the dissolved 
state. It is assumed that, in solution, hydroxide molecules {of zinc or other meUl), by virtue 
of their dipolar character, may add on to a zinc ion, to form a complex, in the same way 
as water molecules add on to form aquocomplexes: 

Zn** + 6HOH = [Zn (HOH)<]++ 

Zn+-^ -I- 3Zn(OH), = 

I he appreciable solubility of heavy metal oxides and hydroxides in solutions of zinc salts is 
attributed to the formation of complexes of this kind. This property b utilized in the action 
of zinc chloride solutions as soldering fluxes. 

(a) Oxygen Compounds 

(i) ^inc oxidt, ZnO, occurs native in large amounts only in one place, in New 
Jersey, as zincite or red zinc ore. The red color of the mineral is due to its man¬ 
ganese content, which may amount to 9%. Pure zinc oxide b colorless at ordinary 
temperature, but is yellow when hot. Its structure is hexagonal (wurtzite structure, 
Fig. 60, p. 258ofVol. I); a = 3.243 A, c = 5.195 A, Zn^O = 1.94 A)- The densi¬ 
ty of the pure oxide is 5.78, and the hardness 4-5 on Mohs’ scale. For technical pur¬ 
poses the oxide is usually prepared by burning metallic zinc. It is obtained by thb 
means in the form of a pure white, loose powder, the ‘philosophers* wool’ of the 
alchemists. It is used chiefly as an artbt’s pigment (zinc white, Chinese white). 
It is also used as a filler for soft rubber, for the preparation of cements and hard 
resins, for cleaning powders and for the preparation of other zinc comp>ounds. 
\’ery pure zinc oxide, obtained by ignition of the basic carbonate, is used for 
cosmetic powders and creams, and in medicine (as a dusting powder and for the 
preparation of ointments; it is also a constituent of plasters). Zinc oxide b also 
employed as a catalyst for the synthesis of methanol, either by itself or admixed 
with other oxides. 

The catalytic activity of zinc oxide depends to a considerable degree on the mode of 
preparation. Thus a catalytically active oxide is obtained by the careful thermal decom¬ 
position of zinc hydroxide or carbonate, but the oxide prepared by decomposition of the 
nitrate has only a low catalytic activity. The lower the temperature at which the oxide is 
prepared from the carbonate or hydroxide, the greater b its catalytic efficiency. The various 
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pr^arations have ihc same crystal structure, but they difTer in the extent of their lattice im¬ 
perfections (p. |8), and these are of importance in determining the catalytic properties. 
The most active preparations arc those in the so-called ‘intermediate states’, cliaracteri^ed 
in that the cr>'stal lattice of the original material (e.g., ZnCO,) is already destroyed, but 
that of the reaction product ( 2 nO) is not formed, or only very imperfectly formed. Sucli 
active intermediate states are found to occur in many other reactions wliich take place in 
the solid state (cf. p. 746). 


1 he chemical reactivity, like the catalytic efficiency, is also dependent on the degree of 
lattice imperfection. Thus Hiittig (1937) showed that ZnO made by thermal decomposi¬ 
tion of basic zinc carbonate would react with CoO to form Rinmann’s green with incre¬ 
asing ease as the decomposition was effected at lower and lower temperatures. The heat of 
solution of zinc oxide preparations also depends to a marked extent on the mode of pre¬ 
paration and the starting material. Fricke (1932) showed that active preparations might 
have a heat of solution up to 1.2 kcal per mol higher than that of‘normal’ ZnO (i.e., ZnO 
with no significant amount of lattice imperfections). He showed by X-ray investigations 
that the differences in energy’ content and activity were not due to the presence of different 
modifications, nor to considerable differences in particle size, but could be explained only 
in terms of incomplete ordering of the crystal lattice. 

Zinc oxide reacts with BaO at high temperatures (1 too ), to form a double oxide or 0x0 
salt, BaZnO,. A corresponding compound is formed between BaO and CdO (Scholder. 
' 953 )- 


Zinc oxide is practically insoluble in water (in water in equilibrium with the 
COj of the atmosphere, the solubility is 3.0 mg ZnO per liter). 

(n) hydroxide, Zn(OH)2, is thrown down as a while voluminous precipitate, 
which is generally contaminated with adsorbed ions, when zinc salt solutions are 
treated with alkali hydroxide. It is soluble in excess of the precipitant, as well as 
in acids, and also in aqueous ammonia. 

It is soluble in acids because neutralization occurs, with the formation of soluble salts (i), 
in alkalis because of the formation of zincates (2), and in ammonia by reason of complex 
formation (3):* 

Zn(OH)2 -t- H,SO^ = ZnSO^ -|- 2H,0; Zn{OH), -|- 2H^ = Zn++ -f- 2H,0 (i) 

Zn(OH), + NaOH = Na[Zn{OH),]; ZnCOH), -f- OH' = [Zn{OH)3]- (2) 

Zn(OH),+ 4NH3= [Zn(NH3)4](OH),; Zn(OH), 4- 4NH3 = [Zn(NH3),]+--f 2OH- (3) 

Zinc hydroxide is also soluble to a slight extent in solutions of ammonium salts. In such 
solutions, there is the equilibriiun: 

-f-H+ 

The dissociation of the ammonium ion in neutral solutions is very slight indeed, but the 
equilibrium is displaced considerably towards the right in the presence of zinc hydroxide, 
which can react both with the H'*' ion and with the NH3: 

2NH3 + Zn(OH)2 4- 2H+ = [Zn(NH3)2]++ + 2H,0 or 

Zn(OH )3 4- 2 NH/ = [Zn(NH 3 )J++ 4- 2 H 3 O. 

If zinc salt solutions are treated in the cold with ammonia, a gelatinous amor¬ 
phous precipitate is first obtained (‘zinc oxide hydrate’). This becomes flocculent 
after a time, and then gives an X-ray diffraction pattern which reveals the inci¬ 
pient ordering of the structure—probably to’form zinc oxide in the first instance. 
The diffraction pattern characteristic of zinc hydroxide appears only after further 

• This is demonstrated, e.g., by transport measurements. Zinc migrates towards the 
cathode in solutions containing an excess of ammonia. 
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.mini', and it niav lake several months of standing in contact with water before 
<oiii|)Iric transformation into the stable form of the crystalline hydroxide has 
i.ikin place (Fricke, i<»24). Formation of the crystalline hydroxide takes place 
in..re rapidiv when alkali hydroxide is used as precipitant. The rate of crystal- 
li/ati<.nalsodepcndsupon the salt from wliich the zinc is precipitated—thus crys¬ 
talline /ific hvdroxide is obtained considerably more rapidly by precipitation 
fioni zinc chloride solution than from zinc nitrate solution. 

/niOH .. can exist in live distinct cry’stalline modifications. Their properties, and the 
.nndliions under which they arc formed, have been investigated chielly by Fricke (1924) 
.ukI F. itkneefit (1930). The forms are dc*signatcd (i-. y-. A-, and e-ZnlOHlj, in order 
of tie. c asing en.Tgy content. Only the last modification. f-Zn{OH)j. which is rhombic. 
IS Stahl.-. Th.- other fornts. obtained under certain specified tonditions, are metastabic. 
Sonu- are produeed as intermediates in the transformation of the amorphous zinc oxide 
Inflr.tte into tlie rhombic zinc hydroxide: all of them arc eventually transformed, in contact 
wiilj water, into t-Zn(OH)j. 1 he latter is stable in contact with w-ater below 39' (Hiiltig. 
i()33l. At higher lemijeraturcs. ZnO Is the stable phase in contact with water. However, 
replilibria are often established so sluggishly in this system that it is possible to heal 
f-Zn(()H >2 in v acuum to 60® for a long time without any detectable loss of water. The least 
st.ible modification of zinc hydroxide. «-Zn{OH)j. can undergo conversion into ZnO, 
.•\cn at ordinary temperature and under water, the latter is subsequently hydrated once 
more to form Zn(()H)2 in the stable e-modification. 

.Vc.ording to Feitkneeht (193B), the very unstable o-Zn(()H forms a hexagonal ‘double 
laver lattie.-’. of which the principal layers have the same structure as in NfgfOHlj and 
C:d(()H If* I h<' stable e-hvdroxide. however, has an orthorhombic structure not found for 
any other hydroxide, built up from a network of ZnlOH), t. trahedra similar to the SiO, 
t.-trahedra in the various modifications of SiOj. The Zn(OH), tetrahedra arc slightly 
distorted. so that the Zn< ♦OH distances vary between i.94and i .96 The shortest distance 
IS the same as the Zn‘ -*0 distance in the crystal lattice of zinc oxide (Wyckoff, 1933; 
Megaw, 1935). 

The heat of formation of crystalline f-Zn(OH), from normal cry stalline ZnO and H ,0 
is 2.28 kcal. per mol (Fricke. 1932). 


(b) Nitrogen Compounds 

^inc amide and Z^nc nitride. Zinc amide, Zn(NH,),, formed by the reaction of zinc ethyl 
with ammonia in ether solution—ZnlCjHj), -F 2NH5 = Zn(NHt)s -f —is a 

while powder, which reacts vigorously with water to form Zn{OH), and NH,. Its density 
is 2.13, and heat of formation from the elements 35 kcal per mol (Juza, 1937). It decom¬ 
poses at red heal to form zinc nitride :—3Zn(NH,), = ZnjN* 4 - 4NH5. The nitride, a grey 
powder 6.2), is thermally stable in the absence of air, but is decomposed by water:— 
ZhjNj + 6HjO = 3Zn(OH)j -F 2NH3. It can also be formed by the action of ammonia 
gas on powdered zinc. It is diamagnetic. The heat of formation from the elements is 5 kcal 
per mol (Juza, 1938). 

(c) Sulfur Compounds 

(i) sulfide, ZnS, is found native in many places in the cubic form, as zinc 
blende or sphalerite. The hexagonal form, wurtzite, is rare. The naturally occurring 
material is often more or less dark in color, as a result of the presence of impurities 
(especially FeS). Zinc sulfide is precipitated as an amorphous white material from 
zinc salt solutions on the addition of ammonium sulfide, and also by the action of 
hydrogen sulfide in the presence of a sufficient concentration of acetate ions. 

* The crystal lattice of a-Zn(OH)2 is only stable when the intermediate layers contain a 
certain proportion of a salt, such as zinc chloride or carbonate, in addition to (randomly 
arranged) hydroxide. 
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Freshly precipitated zinc sulfide is readilv sulul le in dilute acids, hut -radualh 
chantfes into a less suluhlc inndificatinn. It also forms colloitlai dispersion> (msIK 
e.g., on prolonged treanient with livdrogcn suHkIc solution. It is also rormed in ilu- 
colloidal state l>y passing hydrogen sulhtie into an aininoniacal zinc solution. 

Precipitated, amorphous zinc sulfide becomes crystalline when it is heated with lodro”. ti 
sulfide solution under jiressure. In these circumstanc «■$. zinc bh’iide is fornu'tl. but it ihi di \ 
sulfide is heated in hyclrog«-n or hydrogen sulfide gas, the wurtzite modification is ubt.iiin il. 
The latter is the modification stable at high temperatures; the transition temix-rauii' o 
1020 , according to .\I|en. If uurtziie is ground up in a mortar, it is converted into bl< lulr, 
as is proved by X-ray examination. 

Zinc blende possesses a eubie structure, with a unit edge 5.42 \ (rf. Fig. 47. p, ifio , 
and a shortest Zn»->S distance of 2.3.^ A. W urtzile forms the hexagonal struct urr r< pn '-( iii> d 
in Fig. 60. \'ol. I. p. 23H. with 0 3.R4 A. c = 6.28 A. The shortest 7 ru .S diM.m. . in 

wurtzite. 2.36 A, is practically the same as in blende, showing that the two strut tun s ,u<' 
‘commensurable’ (cf. p. 380}. 

ZnSe and ZnTe are isotypic with zinc blende {a = 5.6b .\ and b.09 .\. ^e.^p. t tiv. Is 
HgSe, HgTe. and CdTe have the same structure. Tike Zn.S. Cd.S and OdSc ran rrvxialli/< 
both with the zinc blende structure and the wurtzii** sirueture. 

The density of crystalline zinc .sulfide is 4.09. and hardness 3.3 to 4. Blende and u uri/iti 
have the same density within the limits of experimental error. The solubility of tin 
crystalline sulfide is about 7 • 10 * mol per liter, that of the freshly precipitated sulfide 
being about ten times as great. Biltz found that zinc sulfide sublimed at about tiRo . and 
Ticde and Schlcde were able to melt it at about 1800-1900under a pressure of too-1 30 a tin. 


Artificially prepared zinc sulfide is used as a white paint—rarely by itself las 
metallic white), but generally as tilhnpnne fp. 434). Liihopone is much cheaper th.m 
lead white, and is, moreover, not poisonous nor sensitive to hydrogen sulfirlr. 
However, it is considerably inferior to white lead and to zinc white (ZnO) in 
covering pow’er and durability. The principal disadvantage is the instability of 
many varieties oflithopone towards light. 


Zinc sulfide turns grey when it is exposed to ultraviolet light, as a result of the deposition 
of elementary zinc. This takes place most rapidl) with wurtzite, and more slowly with 
blende. .Added substances may either increase or decrease the photosensitivity. It has been 
found possible to obtain lithoponcs of adequate stability in light by adding a very small 
amount of cobalt salt to the zinc sulfate solution before reaction with barium sulfide. 'I'hc- 
reason for the action of the cobalt salt is not yet fully understood. 

(11) Sidol's Blende. When it is rendered crystalline l)y fusion, by sublimation, or by licating 
in the presence of a mineralizing agent, zinc sulfide, like the alkaline earth phosphors, has 
the property of phosphorescing brightly after exposure to light. For this purpose it must b« 
freed as completely as possible from impurities, but must contain traces of a heavy metal such 
as manganese or copper. Zinc sulfide prepared in this mann(*r is known as Sidot’s blend**, 
after the chemist who first observed the phenomenon. It differs from the alkaline earth 
phosphors in that it is strongly excited to luminescence by the radiations from radioactive 
substances and by X-rays. It is therefore used for the preparation of X-ray vitnving screens. 
The ‘radium paint’ used for luminous clock and instrument dials, etc., contains about i mg 
of radium (or the equivalent amount of mesothorium) to 10 g of zinc sulfide. 


(d) Zinc Phosphides 

When a current of hydrogen or nitrogen, charged with phosphorus vapor, is passed over 
molten zinc, Irizinc diphosphide. ZnaPj. is formed in lustrous, silvery, opaque, tetragonal 
needles and leaflets {d = 4.54), insoluble in water. Orange transparent tetragonal crystals 
oizinc diphosphide, ZnP*. are obtained if phosphorus is present in excess. 

The structure of ZnaP*. according to von .Stackclbcrg, is similar to that of ScjOj (cf. 
p. 37 et seq.). with the P atoms occupying th** positions of cubic close packing in the 
same way as do the O atoms in ScjOj. The Zn atoms occupy the interstices of the structure. 
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111 sue h a way that each Zn atom is surrounded by 4 P atoms in the form of a distorted tetra¬ 
hedron. and each P atom by 6 Zn atoms located at six of the eight corners of a distorted 
cube. Znj.-Vs,. CdjPj. and Cd^.Vsj have the same structure. 

(e) Halides 

(i) “rV chloride, ZnCU, is prepared by dissolving zinc blende, zinc oxide, or 
scrap zinc in hydrochloric acid. If metallic zinc is used, the solution will contain 
no heavy metals except iron, since the electrolytic solution pressure of all the 
lieavy metals concerned is much smaller than that of zinc. The iron is precipi¬ 
tated as iron(lll) oxide hydrate by the addition of zinc oxide, after oxidation 
with chlorine. When the solution is evaporated down with an excess of hydro¬ 
chloric acid, the zinc chloride is obtained as a white granular powder, consisting 
of small hexagonal (rhombohcdral) crystals. It is very fusible, and solidifies to a 
translucent mass, like porcelain. It is sold commercially both as powder and as 
fused lumps or sticks. 

Molten zinc chloride is a fairly good electrical conductor. Schultze found the specific 
conductivity to be x = 0.03 ohm"‘ at 400°, and x = 0.46 ohm-* at 700^. Zinc chloride 
vaporizes at red heal (b.p. 730"*), and solidifies in white needles. It is extremely hygroscopic, 
and deliquesces in moist air. Nevertheless, above 28” it can crystallize from water in the 
anhydrous state; various hydrates are formed below this temperature, although the anhy¬ 
drous salt can be obtained from very concentrated solutions at temperatures as low as 10*. 

Zinc chloride dissolves in water with the evolution of considerable heat (15.6 
kcal per mol). The solution is acid in reaction, as a result of hydrolysis (to the 
extent of about 0.1% Vtoo-ttormal solution). Zinc chloride is often used to split 
ofi'water or bring about condensations in organic compounds, because of its great 
afiinity for water. Apart from its uses in preparative organic chemistry, zinc chlo¬ 
ride is used in large quantities in dye printing, in the manufacture of organic 
dyestuffs (which often are sold as their zinc chloride double salts), and for the 
impregnation of wood. It is also used as an etchant for metals—e.g., in soldering— 
and has medicinal applications. Zinc chloride has an unpleasant metallic taste, 
and a strongly corrosive action. 

Zinc chloride is highly dissociated in aqueous solution. In concentrated solutions, how¬ 
ever, as was shown by Hittorf by transport measurements, it is to some extent associated in 
the form of autocomplexes. although to a much smaller extent than cadmium chloride. 

Zinc chloride is very soluble in absolute methyl and ethyl alcohols, as well as in water, and 
also in ether, acetone, glycerol, ethyl acetate, and other organic compounds containing 
oxygen; also in nitrogen compounds, such as pyridine and aniline. 

Zinc chloride tends to form double complex salts, especially with the chlorides 
of the alkalis and alkaline earths. Most of these complexes are of the type 
M‘2[ZnCl4] (tetrachlorozincates), and some crystallize as hydrates. The compound 
2ZnCl2 • HCI • 2HjO crystallizes at o® from a zinc chloride solution saturated 
with hydrogen chloride gas. The compound ZnCl* • HCI • 2HjO (long needles) 
can also be prepared. 

The (rhombic) ammonium chloride double salt (ammonium tetrachlorozincate), 
(NH|),[ZnCl4) {d = 1.88, m.p. 150®) is used as ‘soldering salt’. The flux prepared by tin¬ 
smiths, by dissolving scrap zinc in crude hydrochloric acid and adding ammonium chloride, 
contains this compound although all the zinc chloride double salts are almost completely 
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dissociated into their components in solution. Fhe action of the solution as a flux dejjends 
on the ability of zinc chloride to combine with metallic oxides to form complex compounds 
(ol-compounds, cf. p. 436) which exist only in solution. 

(ii) Basic pne Chlorida. Of the known. cr>-stalline basic zinc chlorides, the simpN-st in 
composition is zinc hydroxy-chloride^ Zn(OH)C 4 . This crystallizes in long hexagonal prisms 
(rf = 4 ' 57 ) forms a simple layer lattice like that of cadmium hydroxychloride (Fig. 50, 
p. 449 )- 

Another basic salt which can be obtained as a compound of well defined composition, 
ZnCl} • 4Zn(OH)2. crystallizes in microscopic hexagonal leaflets {d = 3.29), and forms a 
double layer lattice, based on hydroxide layers similar in structure to those of u-Zn(()H)j, 
with regularly ordered ZnClj layers between them (Feitknccht, 1930). 

Partial exchange of zinc ions for other metallic ions leads to mixed basic chlorides. Partial 
replacement of chloride ions by hydroxyl ions in the salt layers can also take place. Sub¬ 
stances w'ith a variable, and not stoichiomctrically simple, ratio of hydroxide to salt are 
thereby formed. However, only the stoichiomctrically simple salts arc stable in equili¬ 
brium with the solution, although equilibrium is often extremely slow of attainment. 

Feitknccht finds that ZnBr, • 4Zn(OH)„ Zn(NO,), • 4Zn(OH), • 2H,0. ZnSO, • 
3Zn(OH), • 4 HjO, and some basic salts of cadmium, cobalt, and nickel have structures 
like that of ZnClj • 4Zn(OH)j, However, most of the basic salts of cobalt and nickel either 
form single layer lattices, or form double layer lattices in which the atoms of the interme¬ 
diate layers are randomly disposed. This type (discussed on p. 299) is represented by a third 
zinc chloride which differs from the two already mentioned in that it has a higher hydroxide 
content and generally does not have the stoichiomctrically simple composition. Its compo¬ 
sition and structure may be ideally represented by the formula Zn(OH,Cl)2 • 4Zn(OH)j. 
The principal layers consist of Zn(OH), layers, with the CdCl, structure (p. 451). In contact 
with a very dilute zinc chloride solution, it is transformed into yet another basic chloride. 
The composition and structure of this last salt have not yet been interpreted. 

(in) Other Halides, bromide and iodide are very similar to the chloride, although not 
isoroorphous with it. The anhydrous bromide is orthorhombic, and the iodide (which is 
yellow) is cubic. Fromherz (1934) showed from absorption spectrum measurements that 
halogcno complexes are present in zinc iodide solutions of high concentration, or containing 
alkali iodide, to a far greater degree than with zinc chloride. The bromide is intermediate 
in tendency for complex formation, i^itufluoride, which is said to be a very good wood pre¬ 
servative, differs from the other halides not only in its crystalline form (monoclinic), but 
in being sparingly soluble (about 5 • io“‘ mol per liter). All the zinc halides form double 
salts with alkali halides, with the general formulas M'ZnXj, M‘,ZnX4 and M'jZnXj. 

(f) Other Zinc Salts 

(t) nitrate, Zn(NO,),, exists as the anhydrous salt and as hydrates with 
2, 4, 6 and gHjO (cf. nickel and magnesium nitrates). The hexahydrate (d = 
2.07) is the stable form at ordinary temperature. It crystallizes from solutions 
above —17.6® and melts (with decomposition into tetrahydrate and water) at 
36.5®. 115 g of Zn(N08)j'dissolvc in 100 g of water at 18®. 

In addition to the basic nitrate Zn(N 0 s)j(H, 0 )j • 4Zn(OH)j, with double layer lattice 
and ordered atomic arrangement, there is a more highly basic salt with double layer lattice 
and random atomic arrangement of the intermediate layers. This has hitherto been ob¬ 
tained only in highly disperse form and (unlike the former compound, which is usually 
constant in composition) its composition is variable. It usually contains about 9Zn(OH)g 
for each Zn(NOj)8 (Feitknecht 1933-38). There is also another basic nitrate which has 
not been fully investigated. 

(ii) .^inc nitriU and Double Nitrites. Zinc nitrite, Zn(NO,)j is precipitated when sodium 
nitrite is added to zinc salt solutions. It is readily hydrolyzed, and fomos double nitrites with 
the alkali nitrites—e.g., K8Zn(N02)4 • H, 0 , yellow hygroscopic prisms, readily decomp¬ 
osed. 
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(tii) ^inc sulfate, ZnSO,. is manufactured in large quantities by dissolving scrap 
zinc in dilute sulfuric acid {i) or by the cautious roasting of zinc blende (2). 


Zn + HjSO, - ZnS04 -f- Hj (i); ZnS -f- 2O, = ZnSO, (2)*. 

Zinc bk ndc c ontaining iron lends itself particularly to the sulfatizing roast (2). The ions of 
t»ol)l( r metals present as impurities in the solution obtained by leaching the roasted ore are 
[jrecipitated as the metals by suspending strips of zinc in the solution. Iron and manganese 
arc precipitated as liydroxides by means of bleaching powder. 


/in< vitriol, ZnSO, • yHjO, crystallizes below 39® from the evaporated solu- 
tion. in colorless, glassy, columnar, rhombic crystals, isomorphous with epsom 
salt, rite solubility is: at o®, 41.7; 18°, 52.7, too®, 78.6 g of ZnSO, in too g of 
water. Zinc vitriol melts in its ow-n water of crystallization when it is heated ra¬ 
pidly. It loses water and effloresces on exposure to air. 

Zinc vitriol forms mixed crystals with the other vitriols MSO, • 7HjO (M = Mg, Fe, 
.\In. C'o, and Ni). but except with cpsom salt the range of mixed crystal formation is rc- 
stric ti'cl. With < opper sulfate, the following mixed crystals arc formed: o to 3 mol-% Cu— 
colorless rhombic crystals; 16 to 33 mol-‘’o Cu—pale blue monoclinic crystals; 84 to 100 
mol-",, Cu—blue triclinic crystals. 

Zinc sulfate crystallizes from aqueous solutions above 39^' with 6HjO, the hydrate again 
being isomorphous with the corresponding hydrate of magnesium sulfate. Crystallization 
ab()\c 70 yields the monohydrate. The heptahydrale can exist in a monoclinic form as 
well as in the rhombic form. It is mctastable in the former modification, which is ap¬ 
preciably more soluble than the rhombic heptahydrate (c.g., solubility 58.7 g in 100 g of 
water at 18'). 

Zinc sulfate first loses 6 molecules of water of crystallization when it is cautiously heated, 
and the last molecule Is not lost below 240”, On strong ignition, it is decomposed into zinc 
oxide', sulfur trioxidc. sulfur dioxide and oxygen. Decomposition is more readily effected in 
the presence of reducing agents such as carbon. 

Zinc vitriol dissolves in water with the absorption of heat {—4,3 kcal per mol at 18°). 
The monohydratc dissolves with evolution of heat {-I-5.6 kcal per mol). 

The addition compound ZnSO, • HjSO, crystallizes in silky needles from a solution in 
hot concentrated sulfuric acid. Double salts M*,SO, • ZnSO, • 6HjO are obtained from 
solutions containing the alkali sulfates. 

Zinc sulfate is occasionally found native—anhydrous as zincosiU (isomorphous with 
barytes), and in the hydrated form as native zinc vitriol (white vitriol or goslarite). 

Zinc sulfate is technically the most important zinc salt. It is used in dyeing and 
dye printing, in the preparation of lithopone, for the impregnation of wood, and 
in galvanoslegy, for the preparation of zinc plating baths. Very dilute solutions 
are used in medicine as an astringent disinfectant, which reduces the secretions, 
in washings and dressings, and occasionally as an emetic. Zinc sulfate is also the 
starting material for the preparation of other zinc compounds and for the extrac¬ 
tion of al)solutely pure zinc by electrolytic refining. 

The only bauc sulfate of zinc hitherto investigated is that mentioned on p. 441. There is 
also another more highly basic salt, with double layer lattice structure. 

(iv) J^inc sulfite. ZnSOj. is formed as a hydrated crystalline precipitate, by treatment of 
zinc sulfate solution with sodium sulfite. It can also be obtained by the action of SOg on an 
aqueous suspension of ZnO or ZnCOj. Bcrglund has described double sulfides, some of 
which have complex compositions. 

* Reaction (2) docs not take place quantitatively. 
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(ii) ^itic Ihiosul/ale, ZnSjOj, uhich is \cry solublf in uatcr. is nol scry stable. It tUaoin* 
poses when its solution is evaporated. \\<-ll dvCmcd double salts of zinc thiosulfate li.t\ <• 
been isolated from solution by Rosenltcim —e.g.. 


• H,0 and (NH.igZinSjOjlj • H.O 


(long white prisms). 


(if) ^inc cyanide, Zii(C..\)a, is obtained as a white precipitate by the aciditiim of 
alkali cyanides to zinc salt solutions. It is insoluble in water and alcohol, but 
soluble in excess of precipitant. It can be obtained crystalline, in the lorni of 
rhombic prisms. It has a tendency to form colloiclal dispersions. Zinc evanide is 
tasteless, but poisonous. It is occasionally used in medicine. 


Zinc cyanide dissolves in excess alkali cyanide solution with the formation of soluble 
complex salts {cyanozincaUs). Most of these arc of the type M'2[Zn(C.^^^]. and some of the 
composition M'[Zn(CN)5]. Mixed solutions of zinc and foppcr(I) cyanides in excess alkali 
cyanide arc used as plating baths for the electrodeposition of brass. 

(t-it) ^inc ihioiyanate. Zn(SCN)2, can be obtairu*d by the action of thiocyanir at id on zinc 
carbonate. It is very soluble in water and alcohol. 

(mm) ^inc acetate, Zn(C2H30j)2, prepared by dissolving zinc oxide in acetic acid, crys¬ 
tallizes from solution as the clihydratc in brilliant monoclinic scales (d — 1.73). It can be 
recrystallized from glacial acetic acid as the anhydrous salt (octahedra, d = 1.84. tn.p. 
242*). It can be sublimed without decomposition at low pressures. It is very soluble in 
water (about i in 3 parts), and is partially hydrolyzed in solution—to the extent of about 
1% in i-normal solution (Lofmann). Zinc acetate is used for fireproofing. It is also used 
in medicine as a gargle, as a wash for infections of the skin, and also internally. 


(i>) ^inc carbonate, ZnCO,, is found in .Nature as calamine or zinc spar, crystallized 
in the rhombohedral system. It is rarely found in large crystals, but commonly 
forms dull masses which are colored yellowish, brown, grey, or greenish hy the 
impurities present. Pure zinc carbonate, obtained by precipitation of a zinc salt 
W’ith a solution of an alkali hydrogen carbonate, saturated with carbon dioxide, 
or by the action of carbon dioxide on the aquous suspension of freshly precipitated 
zinc hydroxide, is pure white. Its density is 4.44. ZnCOj has the calcite structure, 
with a = 5.62 A, a = 48*2'. It is practically insoluble in water, but is slowly de¬ 
composed with the formation of basic zinc carbonate. Even in the dry state it begins 
to lose CO2 at 150°. 

Basic zinc carbonate is obtained as a white amorphous precipitate when zinc salt 
solutions are treated with ordinary alkali carbonates. The precipitate is variable 
in composition, depending on the conditions of precipitation, but generalK- cor¬ 
responds roughly to the formula 2ZnC03 • 3Zn(OH)2. Basic zinc carbonate of 
this composition also occurs native, as a weathering product of calamine {hydro- 
zincite, flowers of zinc). Its structure is similar to that of other basic zinc salts. 

Feitknccht (1952) has recognized three distinct zinc hydroxycarbonates: ZnCO, • 
Zn(OH), • HjO (unstable); 2ZnCO, • 3Zn(OH)j • H-O (which forms extremely minute 
ciy'stalline plates, recognizable only by means of the electron microscope): and 
ZnCOj • 3Zn(OH)2 • nHjO (very fine needles or fibers). The two last-mentioned com- 
))ounds are variable in composition. They can be derived structurally from the brucite type. 
If some of the OH" ions in the hydroxide sheets of this slrticture arc replaced by CO,’ ions. 
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zinc hydroxycarbonate sheets arc formed, which bear an excess negative charge. This is 
compensated by intercalation of a corresponding number of Zn** ions (together with H ,0 
molecules) between the sheets. If every fourth OH" ion is replaced by a CO,*~ ion, the 
resulting structure can be reprc'scntcd by the formula [Zn4(0H)e(C0>),]*"(Zn(H,0)n]*'^, 
I orrrs[)onding to the analytical composition 2ZnCO, • 3Zn(OH), • nH, 0 . 

( V) oxalate is precipitated as the dihydrale. ZnCjO^ • 2 H, 0 , when oxalate ions are 
added to zinc salt solutions. It is a white, sparingly soluble salt {6.4 m| of ZnCjOi dissolve 
in I liter of HjO at 18'^). but dissolves in excess of alkali oxalate, with the formation of 
complex ions, [Zn(C204)j]®' and [Zn(CjO|)3]*“. 

{xi) ^inc Silicates. The orlhosilicate ZnjSiO, occurs native as wilUmile and, in 
isoinorphous mixture with MnjSiO* as trooslile (both rhombohedral). It has been 
prepared artificially. A hydrated zinc orthosilicatc, ZnjSi04 • HjO, occurs in large 
amounts as siliceous zinc ore, usually in fibrous or nodular aggregates of rhombic 
crystals {d — 3.3 to 3.5), which may be colorless or colored by impurities. The 
water is given up only at a red heat. 

Zinc mctasilicate, ZaSiO,, has been prepared artifically by fusion methods. 
If zinc salt solutions are treated with alkali silicate, slimy precipitates of variable 
composition are formed. 

(g) Zinc Alkyls 

Zinc reacts with methyl iodide at ordinary temperature to form methyl zinc iodide, 
CHjZnI. When this is heated it disproportionates to form zinc methyl, Zn(CH,),. This 
compound was discovered by Frankland in 1849. It forms a colorless, evil smelling liquid 

_ , 28, b.p. 46®), which fumes in air, and inflames very readily. Z^nc ethyl, Zn(C3Hg), 
{d — 1.18, b.p. 118°) and other zinc alkyls have been obtained similarly. The zinc alkyls 
arc extremely reactive, and therefore find uses in organic synthetic work. They are decom¬ 
posed by water, to give zinc hydroxide and hydrocarbons—Zn(CH3)| 4- 2HgO = 
Zn(OH)2 -I- 2CH4. 

The cadmium alkyls (e.g., cadmium methyl, Cd(CH,)„ b.p. 104®) are very similar to the 
zinc alkyls in properties. For mercury alkyls, see p. 476. 


4. Analytical (Zinc) 

Zinc comes into the ammonium sulfide group in the systematic separation of 
cations, since it is precipitated as sulfide by ammonium sulfide from ammoniacal 
solution, but not by hydrogen sulfide from acid solution. It can be distinguished 
from cobalt and nickel by the solubility of its sulfide in dilute acids, from iron 
and manganese in the solubility of its hydroxide in sodium hydroxide, and from 
aluminum and chromium in the ready solubility of its hydroxide in aqueous am¬ 
monia. The white color of the precipitated sulfide is also characteristic. 

In blowpipe reactions on the charcoal block, zinc gives an incrustation (zinc 
oxide) which is yellow when hot, but white when cold. If this is moistened with 
cobalt nitrate solution and re-heated, a characteristic green product is obtained 
(Rinman’s green). 

As was shown by Hedvall (1914' > 932 ) ^>^cl Natta (1929), the composition and color of 
Rinman’s green depend upon the conditions of preparation. If it is very strongly ignited 
(above 1000®), mixed crystals of zinc oxide and cobalt(II) oxide arc obtained. These arc 
pink, not green, if they contain more than 70% of CoO. Ignition at lower temperatures 
(800-900°), in the presence of sufficient oxygen, produces a double oxide, of spinel type, 
between zinc oxide and cobalt(III) oxide, ZnCoj04. This double oxide is formed by a 
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reaction proceeding in the solid {.hast- (cf. Chap. 19,. Co, 0 ,. the primary product of 

reaction, exchanges cobalt(IV) 10ns for zinc ions by a process of clitTusion and simultaneous 
redistnoution of charge: 


Co»2(Co'vOJ 4 ZnO = Co"',(ZnOj] + Co" 0 . 

Formation of the zinc mercury(II) thiocyanate. 2 nHg(SC\),. provides a suitable 
microchemical reaction for zinc, as also docs the sodium zinc carbonate. 3Na2C:03 • 
dZnC03 • BHjO. which crystallizes in tetrahedra (limit of detociioii o.oi y Zn;. I he color 
reaction with dithizone (cf. p. 408) is a sensitive drop reaction, and the intense red color of 
the resulting inner complex salt enables 0.05 y ol zinc to be detected in the presence of 
2000 times as much aluminum. 


Zinc is determined gravimetrically by precipitation and weighing as the sulfide 
ZnS, or by precipitation as carbonate and conversion to the oxide l)y ignition. 

Zinc may also be precipitated as ammonium zinc phosphate (NH4)ZnP04. and con¬ 
verted to the pyrophosphate. ZnjPjOj, for weighing. It may also be deposited clcctro- 
lytically as the metal preferably from the alkali double cyanide solution. A volumetric 
method involves precipitation from dilute hydrochloric acid solution as KjZn3[Fe(CN)e)s. 
by means of a potassium cyanoferrate(II) solution of known concentration, the end point 
being detected by ‘spotting’ with uranyl acetate. 


5. Cadmium (Cd) 

(a) Occurrence 

Cadmium is commonly found to accompany zinc in its ores, especially in cala¬ 
mine and in zinc blende. These minerals almost invariably contain more or less 
cadmium. 

Pure cadmium compounds are very rare in Nature. The sulfide, CdS, occurs very oc¬ 
casionally as greenochiu, and the oxide, CdO is still rarer. A basic carbonate (otaviU) has been 
reported from Otavi (South West Africa). 

(b) History 

Cadmium was discovered in 1817 by Stromeyer, in Gottingen, in an investigation of a 
zinc carbonate bought from a Hildesheim apothecary. This unexpectedly yielded a brownbh 
oxide when it was ignited, although it contained no iron. Almost simultaneously Hermann 
found cadmium in a zinc oxide which gave a yellow precipitate, in place of white, when its 
solution was treated with hydrogen sulfide; it had accordingly been confiscated in Magde¬ 
burg as suspected of containing arsenic. The new element was given the name of cadmium, 
because of its frequent occurrence in zinc oxide (which was known to the ancient Greeks 
under the name of xa$peix). 

Cadmium was formerly prepared almost invariably from the zinc dust obtained 
in the extraction of zinc by the distillation process. With the change over to elec¬ 
trolytic extraction of zinc, cadmium is now obtained in increasing measure by 
electrolytic methods. Extraction of cadmium from zinc dust, and from various 
flue-dusts, etc., containing cadmium, is still important, however. 

(i) Preparation Jrom ^inc Dust. Cadmium is more volatile than zinc, and is there¬ 
fore considerably enriched in the zinc dust obtained in the Belgian or Silesian 
distillation process. The zinc dust is mixed with coke, to effect reduction of the 
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oxide, and subjected to repeated fractional distillation, whereby the cadmium is 
progressively enriched in the first fractions to pass over each time. 

I he losses arc often considerable in the distillations, because of the difficulty of condensing 
the cadmium vapor. These losses can be avoided by wet extraction methods. The zinc dust 
containing cadmium is dissolved in hydrochloric or sulfuric acid, and the cadmium is 
deposited from solution by means of zinc (Cd'*"*’ + Zn = Cd + Zn'*"*’), or electrolytically. 
I'hc dry and wet methods are occasionally combined, the cadmium deposited from 
solution (having a small zinc content) being redistilled to free it almost completely from 
zinc (down to about o.i®o 7 .n). 

(it) Electrolytic Extraction. There is no enrichment of cadmium in the zinc sulfate 
solutions which are prepared for the electrolytic extraction of zinc. Since the depo¬ 
sition potential of cadmium is considerably lower in magnitude than that of zinc 
(cf. Table 4. p. 3oofVol. I), the cadmium can easily be deposited selectively. The 
tendency of cadmium to form spongy and dendritic deposits from acid solutions 
originally caused considerable difficulty, but this can be overcome by suitable 
procedures (e.g., by the addition of colloids such as gelatin or glue to the baths). 
1 he process is essentially similar to the electrolysis of zinc. 

Kxtrpitu ly pure cadmium, such as is required for standard cells, can be produced by 
r< pcan d electrolytic refining, and by sublimation in hydrogen or in a vacuum. 

(d) Properties 

Cadiniiini is a white, lustrous metal, but the surface rapidly dulls on exposure 
it) air, through the formation of a thin oxide layer. Cadmium is rather soft, and it 
is possible to cut off shavings with a knife. It is very ductile, and can be rolled 
into sheet or drawn into wire. The strength of pure cadmium is very low, but may 
be enhanced by alloying with zinc. The metal can be welded very readily. It 
melts at 320.9°, and boils at 767°. It can be sublimed in a vacuum at a tem¬ 
perature as low as 164°. 

Dcvillc found the vapor density of cadmium at 1040° to be 3.94 (relative to air = 1), 
from which the molecular weight can be calculated as 114.1*. The vapor of cadmium, like 
that of most mclals, is therefore almost completely monatomic. 

Cohen (19*4 and later) reported that cadmium exists in three distinct modifications, 
which differ in their coefficients of expansion and in their electrolytic solution potentials 
(though only by a few millivolts). The interconversion of these modifications is said to be 
extremely sluggish, so that they are ordinarily all present together. However, X-ray 
investigation shows that there are no structurally distinct modifications. 

The electrical conductivity of cadmium at 18° is 21.5%, and the thermal conductivity 
22.o‘’„ of that of silver. Cadmium exists as hexagonal crystals, with the same structure as 
those of zinc and magnesium. It forms mixed crystals in all proportions with magnesium, 
but not with zinc. 

Cadmium can be obtained in colloidal dispersion in water by means of the under-water 
electric arc (Bredig). In the absence of air, the deep brown hydrosol is quite stable. 

Cadmium burns with a red flame when it is strongly heated in air, forming a 
brown smoke of cadmium o.xide, CdO**. The heat of combustion is 65.2 kcal per 

* 1 he molecular weight of any gas is equal to the vapor density relative to oxygen = 
32.000. The liter weights of air and of oxygen are 1 293 g and 1.4289 g, respectively, and the 
‘mean molecular weight’ of air is 28.957. Hence molecular weight = 28.957 ^ vapor 
density relative to air = i. 

** -A trace of the peroxide, CdOj, is formed at the same time. 
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g-atoni of Cd. Cadmium also combines readily with the halogens when heated, 
but not with nitrogen and hydrogen. 

Cadmium is above hydrogen in the electrochemical series, but is nobler than 
zinc, and is therefore displaced Ironi it solutions by the latter. 

The standard potential ofcadmium is +0.402 yoltat25 . relative to the normal hydrogen 
electrode (La Mcr, 1934 and Harncd, 193^). Cadmium therefore dissolves in dilu(<'. non¬ 
oxidizing acids, with the evolution of hydrogen. Pure cadmium, like absolutely pure zinc. 
docs not dissolve in non-oxidizing acids. 

(e) Uses 

Cadmium is chiefly used for metallic coatings, as a protection against corrosion. 
The growth in this field of application of cadmium during IQ25-1935. togethe; 
with the improvements in e.xiraction of the metal resulting from the introdi>ctif)n 

process, led to a great increase in world production and a 
considerable fall in the price of cadmium. Protective cadmium plating is used 
on automobile parts, aircraft, machine components, electrical and pliotograpliic 
apparatus, piano wires, bolts, and precision instruments. It must not be em¬ 
ployed, however, for any objects which may come into contact with foodstufls, 
since it is readily corroded by acids, and soluble cadmium compounds arc hn^hly 
toxic. 

Protective cadmium coatings are usually applied clcctrolytically, and ordinarily by 
deposition from a cyanide bath. Spray coating with the molten metal is sometimes em¬ 
ployed: heed must then be paid to the toxicity of cadmium vapor. \’ery thin coatings 
suffice to exert a protective action. Thus cadmium plating on iron achic\cs. with a film 
thickness of 5/4, the same rust protection as is, given by zinc 12 // or nickel plating 25 // thick. 
The coatings are not very resistant towards mechanical abrasion, because of the softness of 
cadmium, but have the advantage that they do not flake off when plated objects are 
subjected to bending, tension, or compression strains. Cadmium is therefore pariicularl> 
suited for plating metal parts which must withstand strongly corrosive conditions without 
being subjected to mechanical wear. 

In assessing the value of rust-preventive coatings, it is important to consider whether the 
cadmium plating on a iron surface retains its protective action when it has been damaged. 
It is well known that a coating of tin not merely fails to inhibit the corrosion of iron at 
points where the coating is broken, but actually promotes it, since the iron then acts as the 
anode in the local fouplcs that are thereby formed. A iinc coating, on the other hand, still 
acts protectively even when it has been damaged, since in this case the iron becomes 
cathodic. It might be expected from the relative positions of iron and cadmium in the 
electrochemical series that cadmium would resemble tin in its behavior towards iron. 
However, it has been shown by various workers that in a galvanic cell made up from an iron 
sheet dipping in iron sulfate solution, and cadmium in cadmium sulfate solution, the iron 
becomes the cathode, just as it does in combination with zinc. In agreement with this, 
cadmium plated on to iron still exercises a protective action when it has been allowed to 
diffuse completely into the iron surface, by heating it, so that the original deposit has 
completely disappeared. It is, however, not clear how this should be interpreted in terms 
of the normal potentials. The discrepancy may be connected with the ease with which the 
iron becomes passivated. Since iron is only a little baser than cadmium even in its actixe 
state, a very small degree of passivation would suffice to shift the potential of the iron so that 
it behaved as if it were nobler than cadmium. 

Apart from its use in protective coatings, metallic cadmium is used chiefly 
form the production of fusible alloys such as Wood’s metal and Lipowitz’s metal 
(cf. Vol. I, bismuth), rapid solder (50% Sn, 25°,, Pb, and 25°^ Cd melting at 
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149"), amalgams for dental fillings, and bearing metals. An iron-platinum alloy, 
containing cadmium and having an extremely small coelficient of expansion, is 
used in watchmaking. Cadmium is also employed in the manufacture of Weston 
standard cells and of Jungner accumulators. 

The jungner accumulator (alkaline nickel-cadmium accumulator) is a modified version 
of the Edison accumulator (p. 312). In place of an iron electrode, it has an el«tr^e of 
metallic cadmium mixed with iron(II, III) oxide. The Cd is o^dized to CdO during 
<lischargc, and reduced again during charging. Whereas in the Edison cell the evolution of 
hydrogen takes place from the outset during charging, this occurs only towards the end of 
the charging process at the cadmium electrode. The onset of hydrogen evolution results in a 
considerable increase in the terminal voltage, so that avoidance of the effect markedly 
improves the current efficiency. 

Of the compounds of cadmium, the sulfide is used as an artists’ pigment, the 
sulfate in Weston cells, and the bromide and iodide in photography. 


6 . Compounds of Cadmium 

Cadmium compounds are similar to zinc compounds in all respects. They have 
the general formula CdX„ and cadmium is invariably bivalent.* Unlike the color¬ 
less oxide and sulfide of zinc, cadmium oxide is brown and the sulfide is yellow. 
Cadmium sulfide differs from the zinc compound in being insoluble in dilute 
strong acids. 

The salts of cadmium (except those derived from colored anions) are colorless. 
Cadmium salts of strong acids are soluble in water, and the solutions conuin 
colorless Cd'*'**’ ions. 

Cadmium salts have a repulsive metallic taste and are very poisonous. They have 
an astringent action in dilute solution, and are caustic when more concentrated 
They arc more efficient emetics than zinc salts. 

Cadmium salts have a fairly marked tendency to form complexes, and the binding 
between cadmium and halogen, in particular, is strikingly strong. Unlike other 
metallic salts, the chloride, bromide, and especially the iodide of cadmium are only 
incompletely dissociated in solution. In addition, autocomplex formation takes 
place in such solutions—e.g., 

3CdI, = Cd++ + 2[CdI,]-. 

If excess iodide ions (e.g., as KI) arc added to such solutions, complex anions, 
containing up to 6 halogen atoms, are formed. Evaporation of such solutions 
furnishes crystalline complex salts of the general compositions ^^[CdXj), 
M'j[CdX4l, or M'4[CdX«], or occasionally M*3[CdX5]. The other complex or 
double salts conform to the same general formulas. The products depend upon 
the proportions of the components in the solution and on the other experi¬ 
mental conditions. 

Cadmium ions can also combine with neutral ligands such as ammonia and its 
organic derivatives, and the formation of such complexes is responsible for the 
fact that most cadmium compounds which are sparingly soluble in water are 

* The existence of cadmium(I) compounds has often been assumed, but has never been 
conclusively proved. 



6 


COMl>Ol’Nns OK CADMIL NI 


449 


soluble in aqueous ammonia. However, tlie sulfide, which is cxtrcmcK’ insoluble, 
does nol dissolve in ammonia. The ions fCd(XH:,)J^^ appear to predominate in 
ammoniacal cadmiut^i solutions. When ammt)nia gas is passed over drs' s<ilts, the 
maximum uptake is generalU mucli more lliati 4XH3 per lormiila r)! compound 
e.g,, 6 X’Hj by the sulfate, up to 10 X'Hj by the ehltxide, and up tt) i2.\H3 In the 
bromide. 

Cadmium forms a considerable number ol basic salts, most of n hich have been shown by 
X-ray investigations to possess .simple layer lattices. Unlike zinc. v« ry few basic cadmium 
salts are known with double layer lattirc.s. Cadmium resembles zinc, however, in forming 
well cry'stallized mixed bauc salts, such as CdfNOa^j • CidOHlj • 4H2() (green crystals) or 
CdBrj * 3 Cu{OH) 2 (green hexagonal platelets). Werner regarded th<‘se as 'oK compounds, 
but there is little doubt that—like the solid simple basic salts of cadmium—they are really 
layer lattice compounds. 

The basic chlorides may be taken as examples of the basic salts of cadmium. The simplest 
of these has the composition Cd(OH)Cl which (according to Hoard, 1934) has the hexagonal 
layer lattice structure shown in Fig. 50, with fully ordered atomic arrangement. .Another 



Fig. 50. Structure of cadmium hydroxychloridc, Cd(OH)CI. Hexagonal layer lattice. 
a = 3.66, c = 10.27 A. Spacing between sheets, d = 1.03, e = 2.70 K. Distances between 
centers of ions, Cd *-* OH = J — 2.34 A, Cd <-» Cl = = 2.69 A. The unit cell is marked 

out by rather heavier lines. 

basic chloride, with composition corresponding to the formula CdCU * 4Cd(OH)2 also has 
a fully ordered simple layer lattice structure, according to Feitknecht (1937). Two other 
basic chlorides, intermediate in composition between the foregoing, have structures with 
disordered atomic arrangement. One of them is structurally derived from anhydrous 
cadmium chloride (p. 431), by replacement of five-eighths of the chlorine ions in the crystal 
lattice by hydroxide ions. The other is essentially similar in structure to cadmium hydroxide. 
It may contain 2 to 2.6 Cd(OH)2 for each CdCb, and is thus variable in composition, but 
there is no continuous transition into cadmium hydroxide. The latter can. indeed, take up 
some CdClg, forming mixed crystals, although only to the extent of 0.13 mol '’i,.- The 
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purtk ular basic salt formed depends upon the concentration and pH of the solutions from 
which crystallization occurs, and also on the age of the precipitate: the immediate products 
of precipitation arc often not really stable under the conditions of formation, but subse¬ 
quently undergo transformation into the stable substances. 

(a) Oxygen Compounds 

(i) Cadmium oxide, CdO. formed by burning cadmium, is a brown powder (</= 
8.1 r,) which rtiav be transformed into deep red cubic crystals by ignition in oxygen. 
It has also been found native, in the form of a lustrous black deposit of octahedral 
crystals. When it is heated, it begins to sublime at about 700^ without melting, 
and loses oxvgen at higher temperatures. It is very readily reduced, accordingly— 
bv hydrogen at temperatures as low as 270-300“, and by carbon or carbon mono¬ 
xide at rather higher temperatures. 

Cadmium oxide ciystallizcs with the rock salt structure, a = 4.70 A. Cd O = 2.35 A. 
It tiuis has the same structure as the alkaline earth oxides, but not as zinc oxide. 

The color of cadmium oxide depends very markedly on the temperature to which it is 
heated. I hus by heating Cd(()H). at 350®, greenish-yellow CdO is obtained, whereas 
lieating a 800 gives a deep blue-black oxide. The blue black oxide was also obtained by 
Si holder {tq4i) by prolonged boiling of Cd(OH)2 with very concentrated caustic potash. 

It was formerly assumed that when CdO was strongly heated or reduced at a high 
lemprrauire. a ‘suboxide’. Cd, 0 . was formed. This is contrary to the evidence of X-ray 
investigations, and there is. in fact, no change of structure. According to Fricke (1940), 
the greenish-yellow and the blue-black oxides differ only in particle size. Others consider 
that there is, indeed, some expulsion of oxygen on strong ignition, but without change in 
crystal structure except for the vacant sites distributed at random throughout the oxygen 

lattice. 

C^admium oxide is converted to cadmium chloride by heating it in a current of chlorine. 

(ii) Cadmium hydroxide is obtained as a white precipitate on addition of alkali 
hydroxides to cadmium salt solutions. It is practically insoluble in excess of preci- 
pitant, but soluble in aqueous ammonia. 

Cadmium hydroxide has the same crystal structure as magnesium hydroxide (brucite 
structure. Fig. 61. p. 261 of Vol. I). with a = 3.47, c = 4.64 A. Cadmium iodide has the 
same structure, which is often referred to as the Cdlj type. 

The heat of formation of cadmium hydroxide from CdO and HjO is about 5 kcal per mol 
(Fricke). Its solubility in water amounts to 1.15 • lO’* mol per liter at 25“. This is at first 
diminished by the addition of NaOH, but on further increase in the caustic soda concen¬ 
tration, It rises again (to 9.0 • lo'* mol per liter in 5-normal NaOH). Piater {1928) inferred 
from this evidence that cadmium hydroxide is amphoteric (though only weakly so). More 
recently. Scholder (1941) has succeeded in isolating hydroxocadmates, i.e. salts derived from 
Cd(OH)j acting as an anhydro-acid—e.g., Na,[Cd(OH>4), Sr,[Cd(OH)a], Baj[Cd(OH),], 
He obtained the sodium salt by heating Cd(OH)2 or CdO with very concentrated sodium 
hydroxide solution. Cd(OH)j, instead of a hydroxo-salt, crystallizes from very concentrated 
potassium hydroxide solution. 

(b) Amide 

Cadmium amide, Cd(NHj)j, is formed by double decomposition between Cd(SCN)j and 
KNHj in liquid ammonia (Bohart, 1915). It is a yellowish-white powder (d = 3.05) which 
turns brown in air. The heat of formation (from the elements) is 13 kcal per mol (Juza, 

>937)- 

(c) Suiade 

Cadmium sulfide^ CdS, is formed as a yellow precipitate by passing hydrogen 
sulfide into cadmium salt solutions. It is wtry occasionally found native (as 
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greenockile), as an earthy incrustation on zinc ores. A highiv crvstallinc form is 

obtained by heating cadmium oxide with sulfur . The density of tl,e crystalline 

form, and of the native sulfide, is 4.8; tlic precipitated material is rather less 
dense. 


Ignited cadmium sulfide (and greenockite) has the wurt2it<‘ structure. ti = 4.14 A, c = 

6.72 A, Cd S = 2.52 A. Cadmium sulfide precipitated from solution has the zinc blende 
structure, a = 5.82 A, Cd S = 2.52 A. 


Cadmium sulfide is insoluble in dilute hydrochloric acid, but soluble in warm 
dilute nitric acid, in boiling dilute (1:5) sulfuric acid, and in concentrated acids. 
The color of cadmium sulfide is dependent on the conditions of precipitation, and 
may vary from lemon-yellow to orange. It is a valuable artists pigment {cadmium 
yellow), being both brilliant and permanent. It is manufactured either by precipi¬ 
tation from sulfuric acid solution (usually with sodium sulfide), or by heating a 
mixture of cadmium carbonate and flowers of sulfur. 


Freshly precipitated cadmium sulfide is very slightly soluble in ammonium sulfide, but 
not in alkali sulfide solutions. It also forms colloidal dispersions very readily; these have a 
fine yellow color. Thus hydrogen sulfide acts as a peptizing agent, in the absence of strong 
acids. 


(d) HaUdes 

(1) Cadmium chloride, CdClj, may be prepared anhydrous by heating cadmium 
or cadmium oxide in chlorine, or by dehydrating the hydrated salt. It forms color¬ 
less transparent masses, which may be converted into rhombohedral leafleu by 
sublimation {d = 4-05, m.p. about 565*, b.p. 964®). 

The structure of cadmium chloride is similar to that of bruciic and of cadmium iodide_ 

i.e., is of layer lattice type. The difference lies in that, in the Cdl^-type, the sheets of 
negative ions arc stacked one on another in the manner of hexagonal closest packing, 
whereas in cadmium chloride they are arranged in cubic closest packing (cf. Fig. in, 
P- 25)- 


Cadmium chloride is very soluble in water (110.6 g in 100 g of water at 18°); 
the heat of solution is 3.2 kcal per mol of CdClj. The solution—which is usually 
prepared by dissolving metallic cadmium in hydrochloric acid—yields various 
hydrates (with i to 4 HjO), according to the conditions of crystallization. The 
hydrates may be dehydrated completely at 120®, 

Cadmium chloride is also somewhat soluble in many organic solvents—c.g., in ethyl 
alcohol (1.5 g in loog), in methyl alcohol (1.7 g in 100 g), in ethyl acetate and acetone. It is 
appreciably dissociated in the two solvents first mentioned, but has the normal molecular 
weight in urethane. 

.See p. 449 for basic cadmium chlorides. 

(if) Cadmium bromide, CdBrj, obtained by heating cadmium in bromine vapor or by 
treating the metal with boiling bromine water, is similar to the chloride in every respect. 
The anhydrous salt forms white, nacreous leaflets (d = 5.2, m.p. about 570®, b.p. 863"). 
It is rather more strongly complexed in solution than the chloride. 

{Hi) Cadmium iodide, Cdl„ unlike the chloride and bromide, is only known in the an¬ 
hydrous state. It may be obtained by the action of iodine on cadmium, in the presence of 
water, or by dissolving cadmium oxide or carbonate in dilute hydriodic acid, and forms 
lustrous, colorless trigonal plates {d — 5.7, m.p. about 385®, b.p. 708-719®}. 
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C)a(lmnmi iodid<- has a brucilc'-typc layer lattice, a = 4.24 A. r = 6.84 A, Cd I = 
A. Its heat of solution is negative (—0.96 kcal per mol), in accordance with the very 
stnall tendency for hydration of the compound. The solubility (85.2 g in 100 g of water at 
iH ) iiureases but little with rise of temperature. 

Cadmium iodide crystallizes not only with the brucitc structure (C6 type) but also with 
anotlHT struttur«- {C27 type). This is intermediate in type between the brucitc and the 
nickel chloride structures (C19 type). The metal ions occupy corresponding positions in all 
thr<e structures, but in the C27 type Cdl, structure the halogen ions in the individual 
anionir sh« eis occufjy the positions of the brucitc structure and the nickel chloride structure 
ali< rnai« lv. Starling from the structure ofCd(OH)Cl (Fig. 50), the C27 structure is obtained 
b\ r< placing both OH ions and Cl' ions by I" ions. 

(if) Ciultniiini fluoritir. CdFj. (d = b.6. m.p. 1110'*) is only slightly soluble in water (0.29 
mol per liter at 25 ). and, unlike the other cadmium halides, is not volatile. 

(e) Aut<)com()lex Formalion by the Cadmium Halides. It has been concluded, from measure- 
inenis of (onductivity, osmotic pressure, electrode potentials, and transport numbers, that 

< admium ifxlide exists in solution very largely in the form autocomplexes, such as Cd[Cdl5),. 
For example, in a solution which is o.i molar, or stronger, with respect to Cdlj, the 
tr;m.s[)ort number of the anion is apparently greater than i. This implies that more cadmium 
migrates to the anode than to the cathode, and to do so it must be present as complex anions, 
such as fCdlj) . The formation of such anions—e.g., according to Cd^"*" + 3I- = 
[(Jdl,) —brings about a reduction in the total number of ions in solution, and therefore 
lowers the conductivity considerably. It is, in fact, found that moderately dilute solutions of 

< admium iodide have conductivities appreciably lower than are ordinarily observed for bi- 
unival<-nt electrolytes. This peculiarity is exhibited in lesser degree by solutions of cadmium 
bromid<- and chloride. Table 47 affords a comparison between the equivalent conductivities 
.\ and the conductivity quotients A{./.\o for various cadmium salts with those found for a 
typical bi-univalent electrolyte, MgCl^. The anomalous dissociation of the cadmium 
halidc-s is particularly apparent in the values for the conductivity quotient, whereas the 
conductivity quotients of cadmium nitrate, and also of zinc chloride, hardly differ from that 
of magnesium chloride. 


T.\BLE 47 


EQUIVALENT CONDUCTIVITIES, A^. AND CONDUCTIVITY QUOTIENTS A,/Aj OP 
CADMIUM HALIDES. COMPARED WITH THOSE FOR NORMAL ELECTROLYTES 


Af = equivalent conductivity at the concentration c. 




CdCl, 

CdBr, 

Cdl, 

MgCI, 

Cd(NO,), 

Zna, 

A, 

— 

22.4 

18.3 

> 5-4 

61.5 

54-3 

55 

Aq*| 


50.0 

44.6 

3 'o 

834 

80.8 

82 

^0*01 


83 

76.3 

65.6 

98.1 

96 

98 

'^0 


'>5 

1 16 

120 

110.5 

112 

112 

A,/A, 


0.19 

0.16 

0.13 

0.55 

0.48 

0.49 

Ao*i/Ao 


0.43 

0.38 

0.26 

0.75 

0.72 

0.73 

Ao«oi/Ao 


0.72 

0.66 

0-55 

0.89 

0.86 

0.87 


Cryoscopic and ebullioscopic measurements on solutions of cadmium halides have 
confirmed the relatively small concentration of ions revealed by the conductivity quotients. 
According to McBain, it is necessary to assume—especially for cadmium iodide solutions— 
that undissociaUd moleades are present in considerable concentration, in addition to complex 
ions: 

Cd++ -f 3I- ^ Cdl, -F I- ^ [Cdl,]-. 

It is interesting in this connection that Bruns (1925) found the electrical conductivity of 
cadmium iodide solution to be increased by the addition of elementary iodine, whereas that 
of other iodide solutions (e.g., potassium iodide) was diminished. I, combines with I~ to 
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form the less mobile I3 ions. With cadmium iodide, however, the reaction with iodine leads 
to an appreciable increase in the number of ions—[CdKl- + -jI, = Cd-^ + -—and 
thereby to an increase in the conductivity ’ ^ 


(w) Cadmium Double Halides. The formation of complex anions, which occurs 

even in ordinary cadmium halide solutions, is considerably augmented by the 

addition of other halides. Double or complex salts therefore crystallize from mixed 

solutions of cadmium halides and other halides. These compounds are mostly 

of the type M‘[CdX,], although salu of the types M'2[CdX4] and Mh[CdX6l are 
also known. 


Clear esadence for the formation of complex ions, when other halides are added to 
solutions of cadmium halides, is afforded by the fact that the conductivities of the mixed 

^ • .. .. ___ es of the constituents. Thus the 

equivalent conductivity of i-normal KI at 18^ is 103.6, that of Cdl* in i-normal solution is 

15.4, whereas a solution i-normal with respect to both KI and Cdl* has an equivalent 
conductivity of only 82, instead of 103.6 4- 15.4 = 119.0. 

(e) Cyanides and Thiocyanates 

(t) Cadmium cyanide and Complex Cyanides. Cadmium cyanide, Cd(CN)s, is formed 
as a white precipitate, soluble in strong acids, by the addition of alkali'cyanlde to 
cadmium salt solutions. It dissolves in excess of precipitant, forming complex 
ions: 

Cd++ + 2CN- = Cd(CN),: Cd{CN), -h 2CN- = [Cd(CN),]=. 

Crystalline complex cyanides of the types M'2[Cd(CN),] and M'4[Cd(CN),] 
can be isolated from the solutions. 

Transport experiments and other measurements have shown that the complex 
cyanides of cadmium are much more strongly complexed than the corresponding 
iodides, but hydrogen sulfide nevertheless effects quantitative precipitation of 
cadmium, as sulfide, from such solutions. 

Solutions of the complex cyanides are useful for the electrolytic deposition of 
cadmium. 


(ii) Cadmium thiocyanate and Complex Thiocyanates. Cadmium thiocyanate, Cd(SCN)j, 
can be obtained by dissolving cadmium carbonate in thiocyanic acid, or by metathesis 
between cadmium sulfate and barium thiocyanate, and separates in colorless crusts when its 
solution is evaporated. Complex thiocyanates, mosdy of the type M'2[Cd(SCN)4(H20)j3, 
are formed in the presence of other thiocyanates; they crystallize well—c.g., K2[Cd(SCN)4 
(HjO),], regular octahedra. Crystalline thiocyanates of cadmium ammines can also be 
obtained from solution—e.g., [Cd(NH3),](SCN)j. The compound [Cd pyr2](SCN}j is 
precipitated when alkali thiocyanates are added to cadmium salt solutions in the presence 
of pyridine (Spacu). 

(f) Salts of Oxyadds 

(i) Cadmium nitrate, most readily obtained pure by dissolving cadmium carbonate 
in dilute nitric acid, crystallizes at ordinary temperature as the tetrahydrate 
(hydrates with 2H20and9H80are also known). The tetrahydrate forms radiating 
clusters of deliquescent needles {d = 2.45), which melt at 59.3® in their water of 
crystallization. (Solubility—127 g of Cd(N03)2 in 100 g of water at 18®.). 

Solutions of cadmium nitrate display a fairly normal conductivity (cf. Table 47), 
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.incl thus do not contain complex ions to any considerable extent. Double com¬ 
pounds of cadmium nitrate with the alkali or alkaline earth nitrates arc not 
know n in the crystalline state. 


Si vt ral basic cadmium nitrates are known. Of these, the salt represented by the formula 
(:d(.N()3).. • 4Cd(OHt, form.s a double layer lattice with ordered atomic arrangement, like 
tlu ((jrresponding ba.sic zinc nitrate. 

[ii] Caf/rnii/rn nitrite and Complex MiriUs. Unlike the nitrate, cadmium nitrite 
t;d(N'C),). is very unstable as a situple salt (it is readily hydrolyzed), whereas it 
forms relatively stable and well crystallized complex salts—e.g., K[Cd(NOs),], 
pale yellow or colorless cubes; K2[Cd(NO,)|]. well formed pale yellow crystals. 

ml) Cadmium sulfate, CdSO*. is formed by dissolving cadmium or cadmium 
carbt.nale in dilute sulfuric acid. It is the starting material for the preparation of 
other t adniium compounds (e.g., cadmium yellow), and is used in Weston cells. 


Cadmium sulfate orditiarily crystallizes from solution as the hydrate CdSO^ • ^HaO, 
in (olorli ss monoclinic prisms {d ^ 3-09). Hydrates with 7HgO or i HjO can also be 
obfainr*!; the latter exists in two forms with a transition point at 74.5'^. On addition of much 
sulfuric ,1(1(1. anhydrous cadmium sulfate is precipitated in the form of rhombic prisms 
(// .p7 . The solubility (76.2 g of CdS04 in too g of water at 18^) at first rises slightly 

will) iti< reuse in temperature, but suddenly drops off above 41.5° (the stability range of the 
monulisdrate): solubility at too . 60.8 g of CdC04 in 100 g of water. Heats of solution are— 
for ( (ISO, lo.btj kcal, for CdSO* • HjO 6.05 kcal, and for CdS04 ■ ^jHjO 2.54 kcal per mol. 

Cadmium sulfate forms an isodiniorphous series of mixed crystals with iron(II) sulfate 
and with copper .sulfate. When the catjmium content is high, the crystal form and water 
content of ordinary cadmium sulfate. Cd.S04 • jHjO. determine the properties; with a 
large excess of iron or copper, the mixed crysulsarc of the types MSO4 • 7HjO or MSO4 • 
^HjO, respectively. There arc broad miscibility gaps in lx>th series—between 0.26 and 
51.oB mol iron, and between 0.55 and 98.29 mol copper. With cobalt(II) sulfate, 
there are mixed crystal series with 7. *. t, and also with 4H2O (Bassett, 1934), and muted 
crystals are also formed with MnS04 • 4H,0. A double salt is formed with magnesium 
sulfate; [.Mg(H.0u)S04' lCd(H,0),]S04. 

C'acimium sulfate also forms double sulfates with the alkali sulfates—mostly of the type 
M' .C’di S()4l2 • bHjO. but there are also salts of much more complex composition. TTtus 
Benrath found that the following double salts were formed with KJSO4; K2Cd(S04)j 
(with and 4H2O), KjCd3(S04)4 ( + 2 and sHjO), and K4Cdj(S04)5 • H, 0 . In solution, 
these salts are largely, but not quite completely, split up into their components; Rouyer has 
shown that the boiling point elevation of mixed solutions of ammonium sulfate and cadmium 
sulfate is not given additively by the boiling point elevations of the constituent solutions, 
and the deviation is greatest when the two components are present in a i : i ratio. The 
existence of sulfato ions (M"(SD4)2]' in mixed solutions of ammonium sulfate and the 
sulfates of Fe". Co". Zn. Mg, and Cu", has been inferred from similar evidence. Their 
stability decreases along the series from cadmium to copper. 

It appears that sulfato ions are also present, to a very limited extent, in solutions of 
cadmium sulfate itself. This is indicated by the values for the conductivity quotients of 
cadmium sulfate solutions, which (as also the values for zinc and copper sulfate solutions) 
are significantly smaller than the values found for magnesium sulfate solutions (cf. Table 48). 

Cadmium sulfate crystallizes from ammoniacal solutions as the ammoniate, 
(Cd(NH,),(H20)j]S04. The hexammine, [Cd(NH,),]S04, is obtained by passing am¬ 
monia gas over the anhydrous salt. 

Cadmium sulfate begins to volatilize when heated above 700°, arid undergoes partial 
decomposition at the same time. The total pressure is 330 mm at 1000®, the SO 3 partial 
pressure being 14 mm. ‘ 

Little is known of the basic cadmium sulfates. 



7 


AX.'vLV 1 1C:AL (CADMIUM. 

I ABLt 48 


4>5 


EQUIVALENT CONDUCTIVITIES A^ AND CONDUCTIVITY QUOTIENTS A.,Aq O !• 

SOLUTIONS Of BI-BIVALENT ELECTROLYTES 

A, != equivalent conductivity at the concentration c. 



CdSO, 

ZnSO, 

CuSO^ 

MgSO, 



26.6 

25.8 

28.9 


= 42.21 

46.2 

45-0 

50.1 

•^o*oi 

= 70.34 

73-4 

72.2 

76.7 

Ac 

= 115 

114 

114 

«>3 

Ai/Aq 

= 0.20 

0.23 

0.23 

0.26 

Ao'i/Aq 

= 0.37 

0.41 

0.39 

0.44 

Ao*oi/Ao 

= 0.61 

0.64 

0.63 

0.68 


(iv) Cadmium carbonale, CdCOj, is thrown down as a white precipitate, on the 
addition of CO3 ions to cadmium sail solutions; it is usually admixed witli some 
hydroxide. It can be obtained in crystalline form by healing the precipitate with 
ammonium carbonate solution to about 170° in a sealed tube, and cooling slowly. 
It decomposes into CdO and CO^ when heated; the COj pressure attains 1 atm. 
at 327^ 

(i;) Cadmium oxalaU, CdCjOi, is formed as a white precipitate when oxalic acid or am¬ 
monium oxalate is added to cadmium salt solutions. Leaflets of the trihydrale crystallize in 
the cold, and prisms of the anhydrous salt from hot solutions. It is sparingly soluble in water 
(i part in 13,000), but considerably more soluble in concentrated alkali oxalate solutions. 
Complex oxalates—e.g., K,Cd(C204), • 2H,0—crystallize from the latter solutions. 
Cadmium also dissolves in concentrated alkali chloride solutions, forming complex salts— 
e.g. K4Cd,(C304)3Cl, • 6H3O. 


7* Analytical (Cadmium) 


Cadmium follows copper in the systematic analysis for cations. It is precipitated 
by hydrogen sulfide from acid solutions. The sulfide is not soluble in ammonium 
sulfide solution, but is dissolved by warm, fairly dilute nitric acid. Cadmium 
forms complexes with ammonia, as does copper, and is not precipitated by ammo¬ 
nia. It differs from copper in that the cyanide complex is less strongly complexed. 
Hence yellow cadmium sulfide alone is precipitated by the action of hydrogen 
sulfide on a solution containing copper and cadmium as complex cyanides. 


Metallic cadmium alone is deposited when an electric current is passed (at room temper¬ 
ature) through a solution of the complex cyanides, provided that the concentration of 
alkali cyanide is high enough and the voltage not too high, copper remaining in solution. 
If the current is passed through an acidified solution of the simple salts, copper alone is 
deposited, whereas cadmium, standing above hydrogen in the electrochemical series, 

remains quantitatively in solution. , . , , . r l 

Cadmium compounds yield a brown oxide incrustation on the charcoal block, belore the 

blowpipe. The yellow color of the sulfide, together with its insolubility in ammonium poly- 

sulfide solution, are characteristic. • • . n , 

For microanalytical detection, cadmium is conveniently converted into the well crystal- 
lized cadmium mercury thiocyatratc, CdHg(SCN).. The rubidium double chlor.de, 
Rb4[CdCl^], affords a still more sensitive means of detection (limit of detection, o.oi y Ld). 
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Cadmium is usually determined by precipitation as sulfide and weighing as 
sulfate. It can also be electrodeposited as metal and weighed as such. Deposition 
is best effected from cyanide solution. 


8. Mercury (Hydrargyrum, Hg) 


(a) Occurrence 

Mercury occurs in Nature chiefly in the form of its sulfide, HgS, as cinnabar. 
.\ss(jciated with cinnabar arc smaller quantities of native mercury, distributed in 
droplets through the rock. The principal sources of mercury are at Almaden 
(Sp.iin), Idria (Italy), Monte Amiata (Tuscany), and various places in California, 
.Mexico, Oregon, .Nevada, and in Russia. 

Mercury miivcrals of no technical importance include tiemannite, HgSc, colora- 
floili\ HgTe, native calomel, HgjClj, and coccinitc, Hgl*. 

.Many ictrahrtlrites contain mercury, as also do some zinc blendes. When these are 
roastril. the resulting flue dusts contain metallic mercury. 

(b) History 

.\l< rcury, and its extraction from cinnabar, were already known to the ancient Greeks 
and Romans. The first reliable reports date from Theophrastus (about 300 B.C.). The 
mines of .Mmadcn, which are still productive, were worked by the Romans. The second 
oklest iiKTCury mines in Europe arc those of Idria, which date from the end of the 15th 
century. 

Use WHS made of mercury for the extraction of gold from its ores as early as the end of the 
6th century B.C. Bartholomew of Medina introduced the use of the amalgamation process 
for silver ores, in M<-xico, just after the middle of the i6lh centuiy*. For some time this 
consumed a considerable proportion of the mercury production of .Almaden. 

M< ri ury was a particularly favored object of study by the alchemists, who considered it 
to be the common principle of all the metals. They maintained that it was possible to bring 
about the conversion of one metal into another {transmutalion) by changing the mercury 
content. Mercury preparations were introduced into medicine chiefly by the latrochemists. 
Hitherto the pobonous nature of mercury had made physicians hesitant to use it in therapy, 
although the curative virtues of mercury compounds—e.g., of cinnabar—had been knowp 
in ancient times. 

(c) Preparation 

Mercury is prepared by heating its sulfides, either in a current of air or with the 
addition of iron or quick lime; 


HgS + O, = Hg -H SO, 

HgS + Fe = Hg + FeS 
4HgS 4 - 4CaO = 4Hg + 3CaS + CaSO,. 

The mcrcuiy vapors which distil off were formerly condensed in so-called aludels _small 

clay flasks, with necks top and bottom, which were joined together in long strings. Today it 
is more usual to use water-cooled, flattened earthenware tubes as condensers. 

From mercury-containing flue dusts, the bulk of the mercury is pressed out, and the 
remainder is recovered by distillation. 

Mechanical impurities, such as small amounts of dust, grease, etc., are separated from 
mercury by running it through a filter paper perforated with smaU holes. The presence of 
dissolved heavy metals may be detected by the grey ‘tail’ left by otherwise quite pure 
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mercury when it runs over the surface of smooth paper. Such impurities arc removed by 
running the mercury several times in a fine stream down a tall column of dilute nitric acid 
or mercury(I) nitrate solution. Final purification may be effected by vacuum distillation. 

(d) Properties 

At ordinary temperature, mercury is a siker-uliite lustrous liquid metal. It 
boils at 356.95° under i atm. pressure, and solidifies at —38.84=. 

Solid mercury forms octahedra, which appear to be regular in crystal structure. However, 
mercury actually belongs to the hexagonal system and crystallizes in a unique structural 
type. Each Hg atom is surrounded by six equidistant atoms, at 3.01 distance. 

Solid mercury is soft and ductile. The density of mercury is at 

® ‘5 18 20' 100 

• 3'59546 •3*55846 13.55108 13.54616 13.35166 g'ce. 

According to Scheel and Blankenstein. the density dj* at temperatures between o and 100® 
can be represented by the formula 


•3*59546 



„ ^ i t \ 1 t \' 


I + 1 

18.182 (- J--l- 0.078-) 

\ioo/ ' '100' 

• 10* 


The thermal expansion of mercury is quite considerable, and between 0° and 100° 
is almost exactly proportional to the thermal expansion of gases. The thermal 
conductivity of mercury at 0° is only 2.2% of that of silver, and the specific 
electrical conductivity at 0° is 1.58% of that of silver. 

The electrical conductivity of mercury is used in the definition of the statutory unit of 
electrical resistance, the inUmalioml oAm, which is defined as the resistance at 0° of a column 
of mercury i sq. mm in cross section, and 106.3 cm long. 

Mercury is perceptibly volatile at ordinary temperature. Its vapor pressure is: 

at 0° 20° 100° 

0.00021 0.0013 0*279 of Hg. 

I cubic meter of air, saturated with mercury vapor, contains 

at 0° 20° 100° 

0.002 0.014 2.42 g of Hg. 

The vapor density of mercury has been found to be close to 200 over a wide range of temper¬ 
atures (relative to = 2). The vapor is therefore monatomic. 

Mercury vapor is highly toxic^y]. Even very small traces can produce serious 
lesions if exposure is very prolonged. 

Symptoms characteristic of mercury poisoning arc excessive salivation, a peculiar 
reddening of the gums, and loosening of the teeth. There are serious nervous disturbances, 
such as giddiness, digestive disorders, and trembling of the hands and head. However, it is 
possible for general nervous disorders—such as depression, dullness, deafness, sleeplessness, 
or loss of memory—to occur before there are any of the typical symptoms of chronic 
mercury pioisoning. Different persons differ widely in their susceptibility to the toxic action 
of mercury. It is possible for sensitive individuals to sustain serious harm from dental fillings 
which give off traces of mercury over long periods, as is often the case with copper amalgam 
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fillings. The risk is far greater from mercury scattered round the typical laboratory such as 
collects in cracks in bench tops, joins in linoleum, etc. Thb evaporates slowly, and con¬ 
tinuously poisons the air. Evaporation is particularly favored when the mercury is finely 
sulxlivided through wax polishing the floor. Attention has been drawn by Stock in particular 
( h) 26 and later) to the dangers to which workers in such rooms arc exposed, but the health 
hazard is still far too often under-rated. 

Mercury can readily be emulsified by rubbing it up with fat (grey ointment). 
It can be dispersed to a black powder by vigorous agitation. It is difficult, however, 
to obtain pure aqueous colloidal dispersions, although mercury sols are stable in 
the presence of a protective colloid. Colloidal mercury is used in medicine for 
injections, since it has a strong bactericidal action even at very great dilutions, 
and is far less toxic than soluble mercury salts. 

Pure mercury is not oxidized b>' dry air at ordinary temperature. When heated 
almost to the boiling point in the presence of air, it is gradually converted to oxide, 
but tliis decomposes again if heated to a higher temperature. In moist air, or if 
impure, mercury soon becomes covered at ordinary temperature with a skin of 
oxide. Mercury is also very vigorously attacked by chlorine at room temperature, 
and also cortjbines with sulfur when rubbed up with it. It does not combine directly 
with phosphorus, however, even when heated, but merely dissolves in molten 
phophoriis. It is dissolved by warm concentrated sulfuric acid, or by concentrated 
(or even dilute) nitric acid. Salts of either unipositive or dipositive mercury are 
thereby formed, depending upon whether the mercury or the acid is present in 
e.xcess. Mercury dissolves very readily in aqua regia, forming the chloride. It does 
not dissolve, however, in air-free hydrochloric acid or dilute sulfuric acid, because 
mercury stands well below hydrogen in the electrochemical series, and cannot 
discharge hydrogen ions. 

The standard potential of mercury in contact with a mercury(I) salt solution is —0.795 
volt relative to the normal hydrogen electrode; for mercury in contact with a mercury(II) 
salt solution the potential is —0.86 volts. The oxidation potential -► QHg''’''’ -f- 2^ is 

—0.911 volt. 

The contact potential between mercury and a o.t-normal solution of potassium chloride 
saturated with mercury (I) chloride (calomel) iso.6i3 volt at 18*. Such a'calomel electrode’, 
which is very simply constructed, (cf. Fig. 51), is often used, instead of a hydrogen electrode. 



Fig. 51. Forms of calomel electrode. 


as the reference electrode for potential measurements (cf. Vol. I, p. 30). The pKstential of an 
electrode of the type mentioned is 0.338 volt lower than that of the normal hydrogen elec¬ 
trode at 18'’. If the electrode is constructed with i-normal potassium chloride (instead of 
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electrode’—iu potential is 0.286 volts lower than that 

‘satnrat d 1 electrode, and if saturated (about 3.5-normal)KCI is used-thc 

saturated calomel electrodc’-thc potential is 0.254 'olts lower. 


(e) Amalgams 


Mercur>' forms alloys, known as amalgams, with many metals. It amalgamates 
especially easily with sodium, potassium, silver, and gold; with zinc, cadmium, 
tin, and lead also, and with copper when the latter is finely divided. It does not 
alloy at all with manganese, iron, cobalt, 01 nickel. 

For the preparation ofamalgans, it often suffices merely to introduce the metal 
m lumps into mercury, which is warmed if necessary. Metals which are not dissolv¬ 
ed to any considerable extent when they are in compact form, such as copper, are 
rubbed up with mercury in the finely divided state. Amalgams can often best be 
prepared by electrolysis. The metal in question is then deposited by the current 

on a mercury cathode; if desired, the mercury can be run in a fine stream through 
the solution. 


The amalgams occupy a special place among metallic alloys, in that many of 
them are liquid or pasty at ordinary temperature. This is often of some impor¬ 
tance for their practical applications. Thus the use of amalgams for dental fillings 
depends on the fact that they are soft and plastic at temperatures close to that of 
boiling water, but are quite hard at the body temperature. 


In their chemical nature the amalgams differ in no respect from other metallic alloys. Some 
of them are simple solutions of the metals concerned, in mercury, and may be solid or 
liquid, depending on the temperature. Chemical compounds arc often formed, however. 
Mercury forms numerous compounds with the elements of \fain Group I, in particular 
(cf. Table 45, p. 426-7}. Many important amalgams, such as those of zinc and cadmium, 
contain no compounds but are merely mixtures. 


(f) Uses 

Metallic mercury finds many applications in technical appliances and in 
scientific instruments. Thus it is used in mercury vapor lamps and mercury vapor 
rectifiers, automatic electric switches, pressure regulators, and non-return valves, 
and in the construction of thermometers and barometers for scientific purposes; 
also for the working liquid of mercury vapor pumps and many laboratory pur¬ 
poses. 

Considerable amounts of mercury are employed in the preparation of artificial 
cinnabar (the pigment vermilion). Mercury fulminate is used as a detonator in 
the munitions and explosives industries. Mercury is used as an ointment (grey 
ointment) for skin infections, and many other mercury compounds have pharma¬ 
ceutical applications. The nitrate and chloride are the most important salts tech¬ 
nically, and arc used, among other purposes for carrotting the hair in the manu¬ 
facture of felt hats. The use of cerium compounds (cf. p. 496) for this purpose 
is to be preferred, however, on account of the great toxicity of mercury. 

The catalytic properties of mercury compounds, are important especially for 
the reactions of carbon compounds. Thus mercury(I) sulfate, like copper sulfate, 
accelerates the destructive oxidation of organic compounds by concentrated 
sulfuric acid in the Kjeldahl estimation of nitrogen. Mercury(II) sulfate is used 
industrially as catalyst for the hydration of acetylene to acetaldehyde (Vol. I, 

P- 437 )- 
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Amalgams are now less important than formerly for many purposes—e.g., for 
the extraction of gold and silver, for fire gilding, and for coating mirrors. Gonsider- 
aljlc quantities of mercury are still employed for dental fillings*. The amalgam¬ 
ation of zinc plates is important in the manufacture of primary batteries. 

.Sodium amalgam (which is readily prepared by im¬ 
mersing lumps of sodium in warm mercury) is often 
used in the laboratory as a reducing agent. 

(g) Standard Cells 

Since chemically pure mercury is easily obtained, and its 
surface remains completely pure in contact with aqueous 
solutions, it is particularly well suited for the production of 
cells with an accurately defined potential {standardutb). The 
most important of these is the Weston cell, which consists of an 
H-shaped vessel (Fig. 52), one limb of which contains mer¬ 
cury, covered with a layerof Hg3S04. This in turn is covered 
with a saturated solution of CdS04, which fills the other 
Fig. j2. limb also. The bottom of this limb contains some 12.5% 

Weston standard cell. cadmium amalgam, which is run while molten and allowed 

to solidify. In order to ensure that the cadmium sulfate 
solution remains saturated at all temperatures, crystals of CdS04 • 5H,0 are added as 
solid phase. Platinum wires scaled through each limb serve as electrical connections. The 
electromotive force of such a cell varies very little with the temperature, being 

at o" 10® 15*^ 16® 17® 18® 19® 20“ 25® 

1.0187 1.0186 1.0185 1.0184 1.0184 1.0184 1,0183 1.0183 1.0181 volts. 

The electromotive force is still less dependent upon the temperature if a cadmium sulfate 
solution saturated at 4® is used, instead of a solution which is kept saturated at all temper¬ 
atures. The temperature variation of the older Clark cell was much more serious. This 
contained zinc and zinc sulfate solution, in the presence of an excess of crystalline zinc 
sulfate, in place of cadmium with cadmium sulfate. 

9* Gompounds of Mercury 

Mercury forms two scries of normal simple compounds. These correspond in 
empirical composition to the general formulas HgR and HgR,, in which R is a 
univalent radical. So far as it is permissible to regarded mercury as ionically 
charged in its compounds, it is electro-positively univalent in the first series, and 
bivalent in the second. The two series are known as mercury(I) (or mercurous) 
compounds and mercury(n) (or mercuric) compounds accordingly. 

(a) Mercury(l) Compounds 

(1) Constitution of Mercury{I) Compounds, In every mercury(I) compound of 
which the constitution has been determined, there are two mercury atoms linked 
together. The formulas must be represented therefore by R—Hg—Hg—R (or 
HgjRj), instead of by the empirical formula HgR. The mercury is thus formally 

* Because of the hazards to health which can arise from the use of mercurial dental 
fillings in certain circumstances, attempts have been made to replace them by other alloys 
with similar properties—e.g., by an alloy of Sn, Bi, and Ga. These alternatives have not yet 
proved completely satisfactory. 
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bivalent, although electiocheinically uuipositive. The solutions oCthe salts contain 
the ions Hga"*”". 


The presence of Hgg"- ions in solutions of i Icctrochemically unipositive nu-rcurv has 
been proved in the folloN^ng manner. If mercury is shaken with a solution of silver nitrate, 
an equilibrium is established and. depending upon whether this is repre.sented by process (1 j 
or process (2), one or other of the mass action expressions (la) or (2a) must bi constant: 


Hg -t- .Ag^ ^ .Kg -F Hg- 


aHg + 2.Ag 


(Ag*] 


[Agj • [Hg^] 


= K (la) 


or 


■2.\g -F 

lAg] 

lAg] (Hg,-^J-.- 



Experiments by Ogg (1898) showed that only (2a) was constant. Ogg obtained a similar 
result for the equilibrium between mercury(I) nitrate, mercury(II) nitrate, and metallic 
mercury. If mercury(II) nitrate is shaken with mercury, the metal is dissoKed and the 
mcrcury(II) nitrate reduced to mercury(I) nitrate. This reaction does not proceed to 
completion, but an equilibrium is reached, represented either by {3) or by (4}: 


Hg-"+ + Hg 2Hg* (3) 

Hg+^ + Hg (4) 

The experiments showed that in presence of an excess of metallic mercury, the ratio (4a) 
was constant, but not (3a): 

[Hg^J* (4a). 


(4a) has the value i J5 at 25'’. In each case, therelorc, the mass action law is obeyed on the 
assumption that electropositively univalent mercury is present in solution as Hg^^-*- ions. 

Among other observations which point to the formulation of mcrcury(I) ions as 
it may be mentioned that, when the influence of hydrolysis is eliminated, the electrical 
conductivity of solutions of soluble mcrcury(I) salts corresponds both in its magnitude and 
in its dependence on concentration to that of typical bi-univalent electrolytes (c.g., barium 
nitrate), and not to uni-univalent salts {such as potassium nitrate). 

It was until recently open to doubt whether electrochemically unipositive mercury was 
already dimeric in its crystalline compounds, or whether the formation of the Hg,* ‘ ion was 
limited to aqueous solutions. The results of vapor density determinations on mcrcury(I) 
chloride and bromide could be interpreted as supporting the monomeric formulation, since 
they indicated the molecular weights required by the monomolecular formula. However, 
they could also be explained in terms of a dissociation of Hg,Cl, into HgCI, and Hg, in the 
course of evaporation, since this would also lead to an average molecular weight corres¬ 
ponding to the formula HgCl. A gold leaf exposed to the vapor of mcrcury(I) chloride is, 
in fact, immediately amalgamated, but this does not justify the deduction that the vapor is 
completely dissociated into HgCl, and Hg. 

The crystal structure of the mercury(I) halides has, however, been determined by X-ray 
methods, and has shown that the mercury atoms in them are always associated in pairs, in 
the arrangement X—Hg—Hg—X. The existence of the Hg—Hg bond is thereby proved 
for the solid state as well as for solutions, and there can be no doubt that it is a peculiar and 
characteristic property of electrochemically unipositive mercury to exist always in the 
dimeric form, Hg,*'*’. 


* Symbols in square brackets represent the molar concentrations (more precisely, 
activities) of the ions in the solution, or of the silver in the resulting amalgam. The concen¬ 
tration of metallic mercury can be considered constant. 
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(») Preparation of Mercuryf) Compounds. Soluble mercury(I) salts can generally 
be prepared by treating the corresponding mercury{II) salts with mercury, or by 
dissolving mcrcury(I) carbonate in acids. The sparingly soluble salts and other 
sparingly soluble compounds can be prepared from the soluble salts by precipi¬ 
tation. However, this method not infrequently leads to a mixture of the corres¬ 
ponding mercury(II) compound with metallic mercury, instead of the desired 
mercury(I) compound. 

This invariably happens when the mercury(II) compound concerned is so strongly 
complexed, or is so little dissociated, that the concentration of ions in the solution 

becomes vanishingly small. In that event it follows from eqn. (4) that the concentration of 
Hg,'^^ ions must also become vanishingly small, so that it is no longer possible to exceed the 
solubility product of a normally dissociated mercury(I) compound, however insoluble it 
may be. Thus the non-cxistcnce of mercury(I) cyanide is occasioned by the extraordinarily 
small degree of dissociation of Hg(CN)j, which results in the equilibrium 

+ 2CN- ^ Hg + Hg(CN), 
being displaced completely to the right. 

{Hi) Properties of Mercury{I) Compounds. Most mcrcury(I) compounds are 
sparingly soluble, but a few salts (in particular the nitrate, chlorate, and per¬ 
chlorate) are quite soluble. These salts are normally dissociated in solution, in 
the same way as salts of the barium nitrate type. They arc hydrolyzed to a slight 
extent, and their solutions have an acidic reaction. Mcrcury(I) compounds arc 
generally fairly strong reducing agents. 

A few mercury(I) compounds are characteristically colored. The carbonate is yellow, as 
is the (very unstable) iodide. The arsenite is also yellowish and the arsenate red-orange. 

b) Mercury(II) Compounds 

(t) Preparation of Mercury{II) Compounds. Mercury(II) nitrate is obtained by 
dissolving mercury in excess of strong nitric acid, and mercury(II) oxide is formed 
by heating the nitrate. Most mercury(II) salts can be prepared by dissolving the 
oxide in the corresponding acid. 

As has already been mentioned, mercury(II) compounds arc oAen obtained, mixed 
with metallic mercury, by precipitation reactions, when it would be expected that mer- 
cury(I) compounds should be formed. This is the case with the sulfide and cyanide, for 
example. These reactions may be contrasted with those of copper, where the extreme 
insolubility of some copper(I) compounds (e.g., Cul) leads to their formation in place of the 
expected copper(II) compounds. 

(ii) Properties of Mercury{II) Compounds. Mercury(II) salts of strong, colorless 
acids are colorless, as arc the mercury(I) compounds. Electrochemically di¬ 
positive mercury tends to form insoluble basic salts, however, and these are mostly 
yellow to orange. 


Mercury(II) salt< of weak acids are also often colored. The nitrite is bright yellow, the 
orthoarsenate lemon yellow, and the sulfide exists in a red and a black modification. 

Many mcrcury(n) salts are freely soluble. The nitrate, perchlorate, and similar 
salts arc quite normal in their dissociation. They are much more extensively 
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h\drolyzed than the inercury(I) salts, and their solutions arc strongly acidic in 
reaction. Precipitation of basic salts generally takes place when they are strongly 
diluted, and only the salts of very strong acids, such as niercury(II) perchlorate, 
arc exempt from basic salt formation. 

In addition to the normally dissociated salts, there are also freely soluble 
mercury{II) salts which are only slightly dissociated. This is the case with the 
chloride, bromide, cyanide, and thiocyanate (the iodide is also very slightly 
disscciated, but is very sparingly soluble). The salts which dissociate only to a 
slight extent are hydrolyzed to a correspondingly small degree; it is impossible to 
detect any hydrolysis of the cyanide, which is ionized to an especially small extent. 


The mercury(II) salts of moderately strong organic acids, such as the acetate, have a 

degree of dissociation similar to that of the acid itself, rather than resembling the typical 
salts. 


Mcrcury(n) ions differ strongly from mcrcury(I) ions in that they have a 
very strong tendency to form complex ions. 

Salts of low solubility include the iodide, oxalate, and phosphate. The sulfide is 
extremely insoluble, and the thiocyanate and sulfate are fairly insoluble. 

Many mercury(II) salts have an unusually high solubility in organic solvents 
such as alcohol, ether, and benzene. 

It is rare that ammonia merely forms addition compounds with mercury com¬ 
pounds. More often, mercury replaces hydrogen in ammonia (or its derivatives), 
forming amido compounds or even ammonium compounds containing substituted 
mercury. The neighboring element, gold, shows the same peculiarity, although to 
a much slighter extent (cf. p. 415). 

As an example of the ease with which hydrogen bound to nitrogen undergoes substitution, 
by reaction with mercury compounds, it may be mentioned that mercury(II) oxide 
dissolves smoothly in aqueous solutions of acid amides, which are in other respects quite 
indifferent towards bases. Thus 


HgO + .H.N • CO(CH,) = + H.O. 

acetamide mercury acetamide 


The reaction corresponds formally to the formation of a salt. The resulting compound— 
like many other mercury compounds which would be formulated as salts—is only very 
slightly dissociated in solution. 

Mercury can also be combined very readily with carbon, or with organic radicals. The 
univalent radical —HgX, in particular, can be very readily substituted for hydrogen in 
organic compounds. Thus the reaction of mercury(II) oxide on ethanol, in the presence of 
caustic soda leads to the formation of the compound: 




HO—Hg HgOH 


(Hofmann). 


Dry mercury(II) acetate, heated with benzene to 110* for a few hours, forms phenyl mer¬ 
cury acetate, CjHj—Hg—O • CO(CHj). It reacts in analogous manner with toluene and 
phenol, and other mercury(II) compounds (c.g., the sulfate and nitrate) behave similarly 
(Dimroth). See p. 476 for organo-mercury compounds of the type HgR, (mercury alkyls). 

Except for the fluoride, the halides of mercury(n) arc only slightly ionized in solution. 
The binding of Cl, Br, or I with mercury is thus not truly ionic, and radicalslinked to mer¬ 
cury through C, N and S are essentially covalently bound. 
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The close relationship between mercury compounds derived from the two 
valence states makes it desirable to consider both series of compounds together. 


(c) Oaddes 

Mcrcury{II) oxide, (mercuric oxide). HgO, is thrown down as a yellow 
precipitate, on the addition of excess alkali hydroxide to a solution of mcrcury(H) 
chloride or nitrate, and is obtained as a red crystalline powder by gently heating 
mercury{II) nitrate or mcrcury(l) nitrate: 

HgCNOa), = HgO + 2NO, + iO,; HgjlNOa), = aHgO + aNO,. 

These methods of preparation were known to the alchemists, who called the 
product ‘red precipitate’. Mercury{II) oxide is decomposed into mercury and 
oxygen if it is heated to a higher temperature. The red and yellow forms differ 
only in their particle size, as was long supposed and ultimately proved by determi¬ 
nation of the size of the crystallites from the width of their X-ray diffraction lines. 
The more finely divided yellow oxide is slightly less insoluble in water than the 
red form (solubility i part in 19,500 parts of water at 25°). The solution is weakly 
basic in reaction: 

HgO + H,O^Hg*+ + 20 H~. 

Mercury(II) oxide crystallizes in the orthorhombic system. It has been found native as 
the mineral montroydiU. 

Mercury(II) oxide is used in preparative chemistry (e.g., for the preparation of 
hypochlorous acid, Vol. I, p. 803) and in medicine. It also serves as starting ma¬ 
terial for the preparation of other mercury compounds. 

Colloidal dispersions of mcrcury(ll) oxide can be prepared in the presence of protective 
colloids, such as protalbinic acid or lysalbinic acid. 

Addition of alkali hydroxide to mercury(I) salt solutions gives a black precipi¬ 
tate, which was formerly taken to be ‘mercurous oxide’, Hg| 0 . It has been shown 
by X-ray examination, however, to be a mixture of finely divided mercury and 
mercury(ll) oxide (Frickc and Ackermann, 1933): 

Hg,++ -h 2OH- = Hg + HgO + H, 0 . 

Mercury(II) oxide is formed directly from its elements at temperatures just below the 
boiling point of mercury. The heat of formation from the elements is 21.6 kcal i>cr mol and 
in accordance with the low affinity of mercury for oxygen, dissociation sets in at tempera¬ 
tures just above the boiling point of mercury. The dissociation pressure is a few mm at 
440*’, 1250 mm at 610®. 

(d) Mercury Sulfide and Thiosalts 

(i) Mercury{II) sulfide^ HgS, exists in two modifications, black and red re¬ 
spectively. Both occur native. 

Red mercury sulfide occurs as cinnaboTy the principal ore of mercury. It rarely 
occurs in well formed crystab, but usually exbts as dense aggregates of brick red 
to dark bro^n crystals, which may be colored blue black by impurities. Artific iall y 
prepared cinnabar, however, is a vivid scarlet, and is used as an artists’ pigment 
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(vermilion). It is usually prepared for this purpose by heating mcrcurv with a 
solution of potassium pentasulfide (Dobereiner’s method): 


Hg + = HgS -t- KjS,. 

Vermilion gradually blackens on exposure to light. It is not certain whether this is 
due to decomposition, or to conversion into the black modification. 

Black mercury(II) sulfide is found native in small amounts, with cinnabar, as 
melactnnabante, a black powder (d = y.y-y.S), apparently amorphous, but actualiv 
composed of minute regular tetrahedral crystals. 


Cinnabar can be described as having a deformed sodium chloride structure of hexaeona 

symmetry The structure is derived from that of sodium chloride by displacement of the 

non-metals atoms (in this case sulfur atoms) somewhat from their ideal positions thereby 

changing the symmetry. The shortest distance Hg^S is 2.5a A. and the binding b^Ln 

mercury and sulfur is probably ionic m character. Black mercury sulfide has the zinc 

bl^ende structure (Fig 47. p. 380), with a = 5.84 A. The shortest Hg-»S distance (2.53 A) is 
the same as in cinnabar. ® t dj *s 


Black mcrcury(II) sulfide is always formed by precipitation from solution with 
hydrogen sulfide, and under other conditions. Thus it is prepared technically by 
treating mercury with molten sulfur (Dutch process) or powdered sulfur (Irish 
process). It ^ converted into the red form by sublimation at ordinary pressure 
or by digestion with alkali polysulfide solution. ^ 

The solubility product of the sulfide is so extraordinarily small (3 ■ io~** at 26°) 

that all mercury compounds, including the most stable complexes, are decom- 

posed by hydrogen sulfide, with the deposition of HgS. For this reason hydrogen 

sulfide precipitates a mixture ofmercury(II) sulfide and mercury from mercurv(I) 
salt solutions: ' 


Hg,++ + H,S = Hg + HgS + 2H+ 

The sulfide is attacked very slowly, if at all, even by concentrated acids, but is 
easily dissolved by aqua regia. 

(») Thiosalts. Mercury(II) sulfide is insoluble in ammonium sulfide solution 
and in caustic alkalis, but it dissolves in concentrated solutions of alkali or alkaline 
earth sulfides. Thiosalts are thereby formed, and may also be obtained by fusing 
mercury sulfide with sulfur and alkali hydroxides—e.g., K,[HgSs] • sH^O, bright, 
very deliquescent needles. 

The thiosalts of mercury are stable in solution only in the presence of an excess of alkali 

hydroxide. If hydrogen sulfide is passed into a solution of mercury sulfide in alkali sulfide 

solution, all the mercury is reprecipitated since the H,S converts the S= ions of the solution 
into HS“ 10ns: 

S~ + H,S?=i2HS-. (ij 

The reaction 

HgS + S=KHgSJ= (2) 

must therefore proceed from right to left. Conversely, addition of alkali hydroxide augments 
the solvent properties of alkali sulfides for mercury sulfide: 


SH- + OH- + H,0. 


(3) 



SUB-GROUP 2 OF THE PERIODIC SYSTEM 


9 


4()b 


Mercury sulfide is insoluble in solutions of ammonium sulfide, even though it is capable 
of forming thiosalts; in a solution of ammonium sulfide the sulfur is present almost ex- 
(lusively in the form of HS' ions (Vol. I. p. 736). Hence reaction (2) cannot proceed to 
any perceptible extent Irom left to right in such a solution. 


If hydrogen sulfide is passed slowly into a mercury{II) salt solution, white, 
vellow, or brownish precipitates may be transiently formed. These consist of 
mixed salts, in which the ion originally combined with the mercury is only partially 
replaced by sulfur. Such mixed salts arc obtained especially readily from solutions 
of weakly dissociated mercury salts—e.g., 

3HgCU T 2H,S = HgjS^CI, + 4HCI. 


(e) Mercury(l) Halides 

(t) Mercury{I) chloride (calomel), HgjCl,, is occasionally found native in small 
tetragonal crystals. It is made technically by both dry and wet methods. The dry 
process involves heating an intimate mixture of mercury(II) chloride (corrosive 
sublimate) and mercury (la), or a mixture of mercury(ll) sulfate, mercury, and 
sodium chloride (ib). In the wet process, mercury(II) hloride is reduced with 
sulfur dioxide (q), or mercur>'(I) nitrate solution is treated with dilute hydro¬ 


chloric acid {3): 

HgCb + Hg = Hg.Cl, (I a) 

HgSO, 4. Hg + 2NaCI = Hg.CI, + Na,SO, (ib) 

2HgCh + SO, + 2H,0 = Hg,Cl, -f- H,S04 + 2HCI (2) 

Hg,>+ 4 - 2CI- = Hg,CI,. (3) 


The calomel which sublimes offin the dry process forms a lustrous white crystalline 
mass. The precipitated material is a powder. It received its name ‘calomel’ from 
the deep black coloration obtained when it is treated with ammonia (greek 
xoXov [xeXa?, beautiful black). 

It is generally assumed that this black color is due to the formation of a mixture of (color¬ 
less) mercury(II) amidochloride, CIHgNH, (cf. p. 474 et seq.) and finely divided metallic 
mercury: 

Hg,Cl, + 2NH, = CIHgNH, + Hg -f NH4a. 

There is some evidence, however, which seems to point to the existence of a black mercury (I) 
amidochloride, CIHg,NH,, a compound which readily decomposes into metallic mercury 
and mcrcury(II) amidochloride, especially in the presence of excess precipitant. 

Hg,CI, 2NHa = CIHg,NH, + NH.CI; CIHg,NH, = CIHgNH, + Hg. 

Mcrcury(I) chloride is very sparingly soluble in water (2.1 mg per liter at 18®), 
but is much more soluble in chloride solutions. It is practically insoluble in ethanol, 
acetone, and ether. The density of mercury(I) chloride is 7.16. It turns yellowish 
when it is gently heated (or rubbed), and darkens on exposure to light—probably 
as a result of partial decomposition into mercury(II) chloride and mercury. 
Mcrcury(I) chloride sublimes at 383® without melting, but Blitz and Kicmm found 
that it could be melted to a red-brown liquid at 525® in a sealed tube (with some 
decomposition into Hg -f- HgCl,). 

The principal use of calomel is as a purgative in medicine. 
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{ii) McrcuryU) bromide. Hg,Br,. is obtain,-d as a uhiu- precipitate by thv add 
potassium bromide to a solution of mercur\(I) nitrate. It can bo rccrvsiallized li 
mercury(I) nitrate solution, and forms 
pearly tetragonal leaflets. 

(i(V) Mercury{l) iodide, HgJ., is 
formed as a green precipitate by the 
addition of a little alkali iodide to 
mercur\(I) nitrate solution, or as a 
greenish yellow powder by rubbing 
up mercury with iodine in the presence 
ofa little ethanol. It is practically in¬ 
soluble in water {0.37 • 10 ® mol per 
liter at 25®) and ethanol. It has some 
therapeutic uses. The pure compound 
is bright yellow, but readily suffers 
partial decomposition into Hglj + Hg. 

If mercury{I) iodide is treated with a 
solution of alkali iodide, half the mer¬ 
cury goes into solution as an iodo 
complex of dipositive mercury, and 
half the mercury is reduced to the 
metal: 


itinn o( 
oni liot 




Hg.I, + 21 = [Hgl J= + Hg. 

(I’y) Mercuty{l) fluoride, Hg,Fj, obtained 
by dissolving freshly precipitated mer- 
cury(I) carbonate in hydrofluoric acid, 
is a yellowish* material (d= 8.7) which 
blackens on exposure to light. It is more 
soluble than mercury(I) chloride, and is 
hydrolyzed by water. 

(y) Crystal Structure of the Mercuiy{I) 
Halides. X-ray investigations have shown 


Fig* 53 * Crystal structure of mercury(I) 
chloride, HgjClj. 

a = 6.30,f = 10.88 A. HgwHg = rf, = 2.54 A, 
fIg*~»Cl = rfj = 2.51 A, C 1 ,-»C 1 = dj = 3.32 A. 
HgjBr, (with a = 6.61, r = ii. 16 A) and Hg,I j 
(with a = 6.95, f = 11.57 A) have similar 
structure. If the Hg4-*Hg distance in these is 
taken as 2.54A, otherdistancesareHg+-»Br = 
2.58, Hgwl = 2.68, Br,-,Br = 3.46. and 

I+-*I = 3.67 A. 


^at HgjCl,, Hg^r,, and Hg,I, have structures of the type represented diagrammatically 

in Fig. 53. It may be seen that the structure is that ofa tetragonal layer lattice, built up 
from Hg|X| molecules. 


(f) Merci&ry(ll) Halides 

(1) Mercury{II) chloride, HgCl„ (corrosive sublimate) is usually made cither bv 
heating a mixture of mercury(II) sulfate and sodium chloride: 

HgSO, + 2NaCl = HgCl, + NajS04, 

or by dissolving mercuric oxide in hydrochloric acid. 

As prepared in the dry process, by sublimation (hence its trivial name), it forms 
a white transparent crystalline mass {d — 5.44). It crystallizes from aqueous 
solution in colorless rhombic bipyramids with m.p. 277-280° and b.p. 302°. 
Corrosive sublimate is thus more volatile than calomel. The solid substance is 
stable towards light. 

Mcrcury(II) chloride has a definite molecular lattice according to Braekken (1934)—cf. 
Fig. 54. The four mercury(II) halides differ quite characteristically in this respect, in that 
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nicrturyi.ll) fluoride possesses a true ionic (coordination) lattice of fluorite type (a ~ 
-,.',4 A), whereas HgBr, and Hgl, have layer lattices, that of HgBr, being a transition be¬ 
tween the molecular type and the true layer 
lattice type (sec below). 

Mercury(II) chloride is fairly soluble in 
water (loo g of water dissolve 4.3 g at o®, 
7.4 g at 20® and 55 g at 100®). The solubi¬ 
lity is raised by the presence of HCl or 
NH^CI. It is also freely soluble in ethanol 
(50.5 g in 100 g of absolute ethanol at 25®), 
and quite soluble in ether (6.45 g in 100 g 
of absolute ether at 18®). It is also distinctly 
soluble in many other organic solvents, such 
as benzene (0.5 g in 100 g at 25®). Dilute 
aqueous solutions gradually decompose, 
with deposition of calomel. Aqueous solu¬ 
tions are distinctly acid in reaction. 

Corrosive sublimate is widely used in 
medicine, especially as a very efficient anti¬ 
septic and disinfectant, and also for the 
treatment of syphilis and other infectious diseases. It is a powerful internal 
poison—lethal dose 0.2 to 0.4 g. Tablets of sublimate, for making up disinfectant 
solutions, are often colored red with eosin, to avoid risk of confusion. Wood (e.g., 
telegraph poles) may be protected from decay by prolonged soaking in a solution of 
mercury(II) chloride, a process introduced by Kyan in 1823. The chloride is also 
used as an intensifier for photographic negatives. Its property of forming well 
crystallized double chlorides is often utilized in preparative chemistry for the 
identification or purification of organic bases. 

The molar conductivity of aqueous solutions of HgCl, is very small, as compared with 
that of other salts, even though the solutions give reactions indicative of an appreciable 
ion concentration, and therefore contain some free hydrochloric acid- The small con¬ 
ductivity arises from the weak dissociation of the mercury chloride. Various methods—e.g. 
potential measurements—indicate that the concentration of Hg+-*- ions in a saturated solu¬ 
tion of HgClj (i.e., about o.25-molar) is of the order lo"* g ions per liter—i.e., is actually 
only about one tenth of the hydrogen ion concentration in pure water. The chloride ion 
concentration, although very small, is much greater than the Hg++ ion concentration, 
because of the hydrolysis, which probably takes place according to the equation :* 

2HgCi, + H, 0 ^(HgCl ),0 + 2H^ + 2CI- (i) 

Thus by far the greater part of the mercuric chloride is present in solution in the undisso¬ 
ciated state. From the conductivity measurements of Ley, the Cl" ion concentration in 
a */jj molar solution of HgClj at 25° is 1.6 • io“* g ions per liter, on the assumption that it 
is present entirely as hydrochloric acid formed by hydrolysis. If it were regarded as due 
exclusively to the dissociation 

HgCI,^[HgCl]- + CI- (2) 

it would still arnount to only 6 • io~< g ions per liter at the most. It must, in fact, lie be¬ 
tween these limits, since processes (1) and {2) occur concurrently. In any case, it may be 

♦Account must be also be taken of the process HgCl, + 2CI-However, 
at the very low Cl ion concentration involved, this equilibrium is displaced far to the left. 



Fig. 34. Crystal structure of mercu- 
ry(II) chloride. Orthorhombic unit 
cdl.fl ^ 5.9G3. b= 12.733.c= 4.325A. 
Distance Hg»-*CI = 2.25A. Atoms be¬ 
longing to the same moleculearcjoincd 
by double lines. (Atoms shown dotted 
arc located in adjacent unit cells.) 






9 


COMPOUNDS OF MERCURY 


469 


stated that in a '/„ molar mercuric chloride solution, not more than 0.5"., is hvdrolvzrd 
according to eqn. (i), less than 2^^ undergoes primary dissociation, and that th. exten' oi 

CI is vanishingly small. Luther ,.904) 
primarily dissociated, at the temperature and < onccn- 
tration cited with 2.7 „ hydrolysis and 0.5“^ dissociation in > 5,2 molar solution. 

Mercu^(II) chloride provides a good example of a peculiarity of substances which are 
only slightly dissociated both electrolytically and hydrolytically. If a nearly saturated solu- 

towards methyl orange, is treated with a neutral 
solution of NaCl or KC , a color change takes place and the solution shows a neutral reac- 

lowers the hydrogen ion concentration, in accordance ivith 
r ■ behavior of the solution is thus analogous to that of a weak acid on 

the addition ofoncofm neutral salts, and is in fact that which would be shown by hydro¬ 
chloric acid solutions ,f HCl were a weak acid. It may also be perceived from can. (1 that 
mcrease of the ion concentration must yet further diminish the CU ion concentration 
One consequence of this is that concentrated sulfuric acid is unable to liberate hydrogen 
chloride from mercury{II) chloride, even on boiling. 

A further consequence of the very low chloride ion concentration in mercuric chloride 
solutions IS that sparingly soluble, but normally dissociated chlorides, such as silver chloride 
are far inore soluble in solutions of mercuric salts (c.g., mercur> (II) nitrate) than in water’ 
provided that the mercury ion concentration is high. Since the Hg-^ ions bind the CL 
lons to form undissociated HgCl*. the solubility product of silver chloride cannot be ex- 
cecded until a considerable amount of Ag+ ions has entered the solution. Silver is thus only 
incompletely precipitated by Cl- ions from nitrate solutions in the presence of mercury(II) 
salts and chloride is only incompletely precipitated by silver nitrate from solutions of mer- 
cury(II) salts. These phenomena are of importance in analytical chemistry. 


{it) Complex Salts 0/ Mercury{Il) chloride. Mercur\-(II) chloride has a strong 
tendency to add on to other chlorides, forming well crystallized complex salts 
mostly of the types M'[HgCl3l and M',[HgCl.]. There are also compounds of 
more complex formulas. Addition compounds of HCl with HgCl^ have also been 
isolated-e.g., HgCl* • 2HCI • 7H,0 or H,[HgCU] • 7H2O. Mixed double salts 
are also frequently formed, resulting from the addition of mercury(II) chloride to 


the salt of another acid—e.g., HgClg • KjCr^O, or K 


Hg 


CK, 

Cr^O, 


, orange rhombic 


crystals. HgCI, also forms a number of crystalline double compounds with HgO. 


The considerable increase in the solubility of mercury(II) chloride, brought about by 
hydrogen chloride, ammonium chloride, or other chlorides, affords evidence that complex 
ions, such as [HgCI,]- or fHgCl4]=, are formed in considerable amount in solutions of 
mercuric chloride, containing excess Cl“ ions. The acidic reaction of mercury(II) chloride 
solutions disappears on addition of alkali chloride, as already stated, Furthermore, no 
precipitate of basic salt is obtained when solutions of HgCl^, containing alkali chlorides, 
are mixed with solutions of low OH' ion concentration (e.g., NaHCOg solutions), as is the 
case with pure mercury(II) salt solutions. This property is utilized in manufacturing subli¬ 
mate p«tilles, which are made from a mixture of equal weights of HgClj and NaCl, so 
that their solutions will be neutral in reaction. 

{Hi) MeTcury{II) bromidCy HgBr„ crystallizes from aqueous solution in silvery leaflets, and 
from ethanolic solution in colorless rhombic crystals. It is rather less soluble in water than 
the chloride (0.62 g of HgBr, in 100 g of water at 25®), and is even more weakly dissociated 


* Combining eqn. (i) with the equation in the footnote, p. 468, the resulting Mass 
A • , [(HgCh)^* • [H ,01 

Action Law expression is O] • [H+]** [Cl']* ~ constant. This expression brings 

out the way in which the H+ ion concentration is strongly influenced by the Cl* ions con¬ 
centration. 
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in holulton. In oilier respects it is very similar to mcrcury(II) chloride, and forms addition 
comi>ounds with HgO and complex salts with other halides, in the same way. 

The cTvsial structure of mcrcury{II) bromide is intermediate in character between the 
molecular type and the true layer lattice type. As in the layer lattices of brucite, cadmium 
(hloride. and the mcrcur>'(II) iodide type, the metal atoms in the HgBrj structure are 
arranged in sheets, with non-metal atoms in layers on cither side of them. However, in 
rncTcurytll) bromide, one Br atom in each sheet can always be assigned to a particular 
mercury atom, so that each Hg atom, with its two nearest-neighbor Br atoms (one from 
each sheet) can be recognized as a discrete molecule of HgBrj (distance Hg*-*Br = 2.48 A, 
as compared with a distance of 3.23 A from each of the next nearest Br atoms). No delimi¬ 
tation of a molecule is possible in the true layer lattice structures. Thus, in the Cdlj or 
(xlCilj structures, each Cd atom is equidistant from 3 I or Cl atoms in each sheet, and in 
Hglj each Hg atom is equidistant from two I atoms in each sheet (i.e., is coordinated 
ti-trahcdrally with 4 I atoms in all). 

(ir) MeTcury{II) iodide, Hglj, is formed as a red powder by rubbing mercury 
with iodine, moistened with a little alcohol, or by precipitation from a mercury(II) 
nitrate solution by addition of a small amount of alkali iodide. It forms a tetragonal 
layer lattice, with mercury atoms 4-coordinated (distance Hg'^—> I = 2.78 A from 
each of four neighbors). It is sparingly soluble in water (4.4 mg in 100 g of 
water at 25‘'), but more soluble in warm ethanol. It also dissolves in many other 
organic solvents, and is more soluble in benzene than in water. It is transformed 
reversibly into another modification, the rhombic yellow form, when it is heated 
alK)vc i2() . This is also formed as an unstable intermediate product when 
mercury! 11) iodide is precipitated from mercuric chloride solution by adding alkali 
iodide, or when its alcoholic solution is suddently diluted with water. In the latter 
case it may persist for some time before conversion to the red form. Indeed, close 
investigation has shown that the yellow form is always produced in the first 
moment when mercury(II) iodide is forced to crystallize from solution. This 
exemplifies Qstwald’s law of successive transformations (Vol. I, p. 489), whereby 
a substance which exists in several modifications often crystallizes initially in the 
less stable form. 

lammann. in about 1910, described a third, more unstable, colorless modification of 
Hglj. which is obtained by the rapid condensation of the vapor. It reverts within a few 
minutes to the red form. 

Mercuric iodide is used, in the form of ointment, for the treatment of skin 
infections. 

Mercury{II) iodide is dissociated to a still smaller extent than the other mercury 
halides. Its solutions give no precipiute of silver iodide, on addition of silver 
nitrate, neither do they form mercury oxide or basic salts on the addition of alkali. 
It readily forms complex salts, like the chloride and bromide. An addition com¬ 
pound with mercuric oxide, Hgl^ ■ sHgO, can be obtained as a yellow brown 
powder, by heating mercury(II) iodide with dilute caustic potash. 

Potassium tetraiodomercuraie(II), Kj[HgI,] • 2HjO, is typical of the complex 
iodides (light yellow crystals, freely soluble in water and ethanol). A solution of 
this compound, to which alkali hydroxide is added, is used as a sensitive reagent, 
for the detection and determination of very small traces of ammonia (Nessler’s 
reagent, cf. p. 476 and Vol. I, p. 624). 

The red coppcr(I) complex iodide, CujHgl,, and the yellow silver complex iodide, 
^g2MgI«. undergo color change when they are warmed to a moderate temperature—e.g., 
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chocolate brown at 70 . They can be used as liu r .nosropr.-, when 
painted on machine parts, to reveal excessive rise of temperature. 

chlonnc (Ruff, ,9,8 . It form,, co orless octahedru (m.p. 64^ . fluorite strut turn, .\ hvtlrau , 
f fl ^*5 cr>stalli2es from solutions of mercury oxide in hydrofluoric aiid. Hie abiliis 
^f i n hTnl' T, contrasts strongly svith the properties of the other m.-rru- 

^tiol fha f- btang extensively hydrolyzed in aqueous solution, an indi- 

Sen obtained «>"tplex salts derived from mercurylUl fluoride has.- 


(s) Cyanides and XhJocyanates 

(i) MercuTy{Il) cyanide, Hg(CX)2, is obtained by the action of aqueous Indro- 
cyanic acid on mercuric oxide, or by reaction between alkali cyanides and 
mercury(II) salts in solution. If mercury(I) compounds are taken as starling 
material, mercury(II) cyanide is also formed, together with metallic mercurv. 

Mercury cyami^ is ionized to such an extraordinarily small extent that even minimal 
concentrations of CN- ions in any solution suffice to bring about the general reaction 

Hg++ + aCN- = Hg(CN)2. 

Thus mercury cyanide can be formed by heating mercury(II) oxide with an aqueous sus¬ 
pension of Prussian blue. 


The cyanide forms colorless, columnar crystals. It is fairly soluble in water 
(8.0 g in 100 g at o“), but not in ethanol. Its aqueous solutions give no precipitates 
with potassium hydroxide or potassium iodide, since the compound is practically 
undissociated, but hydrogen sulfide precipitates mercuryfll) sulfide. 

A solution saturated with Hg(CN)j can dissolve a considerable amount of HgO, to form 
the less soluble mercury oxycyanide, Hg(CN)2 • HgO (possibly (CN • Hg)20). Solutions of 
this substance are basic in reaction. 

If mercury cyanide is heated to 320*, it decomposes into mercury and cyanogen, which is 
partially polymerized to paracyanogen. 


Mercury cyanide has a very strong tendency to form complex cyanides. Most 
of these are of the types M'[Hg(GN)a] and M'2[Hg(CN),]; there are also more 
complicated compounds, and numerous examples of mixed complexes such as 
J^'[Hg(CN)2X], where X may be Cl, Br, I, or some radical such as the NO3- 
lon, with a weaker tendency to form complexes. In the latter case, the complex 
salts are largely decomposed by dissolution in water. 


Mercury cyanide is completely odorless, but has a repulsive taste. It is extremely 
poisonous, but has therapeutic uses and is also used as a disinfectant. For the latter 
purpose, the oxycyanide mentioned above is still more widely used. Mixtures of 
zinc and mercury cyanides, of varying composition, are used for the impregnation 
of surgical dressings. 


(») MercuryH) ihiotyanaU, Hg,(SCN)„ is formed as an insoluble, white crystalline preci¬ 
pitate, when potassium thiocyanate is added to a solution of mercury{I) nitrate. 

(til) MeTcuTy{II) thiocyanate, Hg(SCN)j, is similarly precipitated from mercury(II) salt 
solutions, as a sparingly soluble (i part in 1440 parts of water at 25“) white precipitate. It 
is rather more soluble in hot water and also in ethanol, from which it crystallizes in fine 
needles. The electrical conductivity of its aqueous solution is vanishingly small, showing 
that the salt is practically un-dissociated. 
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Mrrcury(II) thiocyanate swells up to an extraordinary bulk when it is heated (‘Pharaoh’s 
serpents’;. 

In the presence of an excess of SCN’ ions, complex salts of the types M‘[Hg(SCN)3] and 
M'j[Hg(SCN),] crvstallizc from mcrcury(II) thiocyanate solutions. Salts of the first type 
arc usually sparingly soluble, and the latter are mostly very soluble. The free acid 
H2[Hg(SCNi4j has also been isolated in yellow crystals. 

Ions of heavy metals, such as Zn++, Ni'*'^, Co^+, Fe'*”*', give insoluble precipitates with 
the [Hg(SCN)4]‘ ion. I'he very soluble potassium salt K2[Hg(SCN)4] shows, in solution, 
the molar conductivity and change of conductivity on dilution (Miot* ~ /‘a* = 20.7) typical 
of uni-bivaicnl electrolyte's. 

(h) Nitrates and Nitrites 

(f) /iferairy{f) nitrate, Hg2(N03)2, can most conveniently be prepared by 
treating an excess of metallic mercury with moderately dilute nitric acid. It is also 
formed by the action of mercury on mercuric nitrate solution. It crystallizes from 
solution as the hydrate Hg,(N03)j ■ 2H2O in short, colorless, monoclinic prisms, 
which effloresce in air, with loss of water, and melt at 70® with partial decomposi¬ 
tion. Mercur>'(I) nitrateis very soluble in water (30gin loogat 25’’). The solution 
is acid in reaction, because of hydrolysis, and basic salts such as Hg,(N03)(0H) 
(lemon yellow) are precipitated on dilution—slowly in the cold, and more rapidly 
on warming. If sufficient nitric acid is present in the solution, no decomposition 
occurs on heating. 

Mercury(I) nitrate solutions have strong reducing properties. To prevent 
partial oxidation by atmospheric oxygen, they are best stored over metallic 
mercury. 

The nitrate is the only compound ofelcctrochcmically unipositive mercury to form doub¬ 
le salts—mostly of the type 2Hgj(N03), • Mu(N03),, involving the nitrates of bivalent 
metals. 

(jV) MercuTy{II) nitrate, Hg(N03),, is usually prepared by dissolving mercury in 
excess nitric acid. When the solution is evaporated it crystallizes in large colorless 
deliquescent needles of the composition Hg(NOa), • HjO. It is the starting material 
for the preparation of most other mercury(II) compounds. 

Mercury(II) nitrate is stable in solution only if sufficient nitric acid is present. 
It is strongly hydrolyzed in dilute solution, and can be completely decomposed 
into mercury oxide and nitric acid by a large excess of water. 

(»») MeTcuTy{l) nitriu, Hg,(NO,)„ which can be prepared by the action of dilute nitric 
acid (d = 1.04) on excess of mercury, reacts vrith organic compounds in the same way as 
silver nitrite. 

(t'y) MercuTy{II) nilriu, Hg(NOj)j, was obtained by RAy, by the double decom|>osition 
of mercuric chloride solution with the calculated amoiuit of silver nitrite. Very deliques¬ 
cent, unstable necdlc-like crystals were obtained on evaporation in a desiccator. The 
complex salts formed with alkali nitrites are much more stable than the simple salt. They 
arc conveniently prepared by the action of mercury(II) nitrate on alkali nitrite solutions. 
Examples—K[Hg(NO,),]. bright yellow crystab, Na,[Hg(NO,)J, yellow hygroscopic 
prisms, Kj[Hg(N0,)5(H,0)], yellow rhombic crystals. 

(i) Other Mercury Compouiids 

{*) ^^cury{I) sulfate, HgjSOj, forms colorless monoclinic prisms (d — 7**2), 
sparingly soluble in water and dilute sulfuric acid. It is formed by precipitation 
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from mercuryj!) nitrate solution w.th dilute sulfuric acid, by anodic dissolut.on of 

trated sulfurtc ac.d The sulfate is gradually decomposed by water, to give st.ll 

more spanngly soluble greenish yellow basic salts. It darkens on e.cposurc m light 

It cataly^ses the oxidat.o.i of organic substances by fuming sulfuric acid, and is 

employed mdustr.aliy m the oxidation of napthalene to phthalic acid. For its use 
in Kjcldahl nitrogen determinations, see p. 459. 

(n) Mercuryill) sulfate. HgSO,. may be obtained by repeated evaporation of 
mcrcury with an excess of concentrated sulfuric acid fwith the addition of nitric- 
acid mitialK if required), or by dissolving mercuric oxide in sulfuric acid. The 
anhydrous sah forms clusters of white leaflets. With a small amount of water, the 
>drate HgSO, • H .,0 is formed, crsstallizing in colorless, rhombic prisms. Lar^e 
amounts of water bring about hydrolysis and the formation of basic mercuric 

Tr^ ‘‘^'■“‘Cd by treating mercurx ni) nitrate solution with 

alkali sulfate. ] his basic salt was known to Basil \-alentine, and was called 

Turpeth mineral’ by Paracelsus. In the pure state it has the composition HgSO, ■ 
aHgO and IS a brilliant lemon yellow powder {d = 6.44), which revcrsiblv turns 
red when it is heated. It is very sparingly soluble in water. The neutral sulfate also 
becomes colored-first yellow and then red-brown—when heated. It decomposes 
into Hg, SO2, and Oj when it is heated to a red heat. 

Mercury(II) sulfate is used industrially as a catalyst for the conversion of 
acetylene to acetaldehyde (cf. \'ol I, p. 4^7), and also as a starting material for the 
preparation of other mercury compounds. 


Mercury(IIj sulfate can form double compounds with the alkali sulfates —e.c. K SO • 
sHgSO, • 2H2O. It can also add on t or 2 molecules of HCl or HBr. * * 

(m) Alercuryfl) sulfite and Sulfitomercurates. Mcrcuryfll) sulfite, HgSOa is formed as a 

white unstable precipitate when mcrcur>'(II) nitrate solution is treated with alkali sulfite 

The basic sulfite, HgSOg • HgO, is more readily obtained pure than is the simple com¬ 
pound. ^ 

Mercuryfll) oxide dissolves easily in neutral alkali sulfite solutions, by reaction with the 
hydrogen sulfite ions formed by hydrolysis: 


HgO + 2HSO3- = [HgCSOd^]" + HgO. 

Crystalline complex salts, Mb(Hg(S03)2] (sulfitomercurates(ll), formerly called‘alkali 
mercury sulfonates’), are obtained from the solution on evaporation. These compounds are 
very strongly complexed, as is evident from the fact that no mercury is precipitated from 
fresh solutions by most reagents—c.g., caustic potash, sodium carbonate, sodium phosphate 
etc. It IS possible that these complex salts may involve covalent bonding of mercury to sulfur: 

—S ->-0 (the parent acid). 

HO'^ ^OH 


Solutions of the salts gradually decompose, especially when warmed, according to the 
equation [Hg(S03)2]= = Hg + SO^ + SO^-. 


{iv) Carbonates. Yellow mercury(I) carbonate is precipitated from solutions of 
mercury(I) salts on the addition of alkali carbonate. It decomposes readily into 
Hg, HgO and COj. Neutral mercury(II) carbonate has never been prepared, but 
basic carbonates of variable composition are precipitated from mercury(II) nitrate 
solution by alkali carbonate or alkali hydrogen carbonate. 
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(;-) MercuTy{II) oxalate, HgCjO,, a sparingly soluble white powder, has some 
importance because of its photo-dccomposition. This property is utilized in the 
Fder photometer. Kder’s solution contains 8o g of (NH4)iC204 and 50 g HgClj in 
3 liters of water*. The oxalate is present in this solution as a soluble double 
compound with mercuric chloride. The reaction which occurs on exposure to 
light is: 

2HgCb i- (NHdjC.O* = HgjCl, -1- 2CO2 + 2NH4CI. 

As long as the composition of the reactants may be considered as constant, the 
quantity of calomel deposited is proportional to the quantity of incident light. 
F.der’s photometer thus permits a quantity of light to be determined by means of 
the analytical balance. 

(j) Mercury-Nitrogen Compounds 

As has already been mentioned, mercury can not only add ammonia on to 
certain of its compounds, but is also able to replace the hydrogen of ammonia. 
The most important example of an ammonia addition compound is the ‘fusible 
white precipitate’, and important representatives of mercury-substituted ammonia 
or ammonium derivatives are the ‘infusible white precipitate’ and ‘Millon’s base*. 

(/) Fusible While Precipitate. If a mercuric chloride solution, containing much 
ammonium chloride, is treated with ammonia, a white crystalline precipitate is 
obtained. Since this can be melted (with decomposition) when it is heated, it has 
received the name cf ‘fusible white precipitate’. It is a well defined compound, 
with the conipodtion flgN'^HsCli. It may also be prepared by the action of liquid 
ammonia on mercuric chloride. The compounds dissolves readily in dilute nitric, 
sulfuric, and acetic acids, forming a mixture of mercury(II) chloride and the 
ammonium salt of the acid concerned. This substance is almost certainly to be 
regarded as diamminemercury{II) chloride: 

NH,^ /Cl 

NHj^ ^CI 

Analogous compounds are formed by organic amines and also by hydrazine. The hy¬ 
drazine compound, prepared from cther-alcohol solution, has the composition Gl^Hg * N1H4. 
Thus hydrazine replaces 2 molecules of ammonia, as it ordinarily does in cooidination 
compounds. Other negative radicals may be combined with mercury in place of the chlo¬ 
rine. However, the ammines of mercury salts which are ordinarily highly ionized (e.g., 
mercury(II) nitrate) are formed only with pyridine or hydrazine as ligands, in place of 
ammonia. Tetrammine salts, [Hg(NH3)4]X, have also been prepared by the action of 
ammonia on mercury(II) salts suspended in saturated ammonium salt solutions. 

(tV) Infusible White Precipitate. If ammonia is added to a mercuric chloride 
solution which contains little or no ammonium chloride, a white precipitate having 
the composition HgNH,Cl b formed: 

HgCl, -I- 2NH3 = Hg(NH,)Cl -t- NH.Gl. 

This decomposes into mercury(I) chloride, ammonia, and nitrogen, without 
melting, when it is heated, and was therefore given the name ‘infusible white 

• Roloff has shown that the sensitivity towards light can be considerably increased by 
the addition of Hg(N03)s. 
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precipitate . It is insoIut)U' in water, hut soluble in dilute strong acids in tiie 
presence of a little sodium chloride. All the nitrogen is esoK ed as anunonla when 
it is boiled with polas-sinm hydroxitle and all the chlorine can he precipitated 
with silver nitrate. This substance is to be regarded as a tneriury\JI) amulo-chloruU' 

NH,—Hg—Cl. 


Analogous bromine compounds are known, and the cons(itution.s assigned to ihes<‘ sub¬ 
stances on chemical grounds have been conhrmed by den-rminations of the (rystal struc¬ 
tures of (NHjljHgBfj and NH,—HgBr (Rudorfl and Brod ersen. I hese substances 

have structures which are ver>- closely related to one another and to tlie structure ol ainmo- 
nium bromide. The apparently, amorphous character, insolubility, and infusihility o( tin- 
amido-compounds suggest that they are polymerized substances, l liis is. indeed, the cas.. 
In NHjHgBr, NHj groups take the place ol NH^ * ions of ammonium bromide, and im rcury 
atoms are so disposed between them that there arc infinite strings .XH^- Hg- .\H^ 
Hg-c-NHj , etc., running through the crystal. In the cliammine. there are onl\' one half as 
many mercury atoms, and the nitrogen groups are neutral .Xllg groups insirad of ttie uni¬ 
valent {covalently bound) NHj radical. I here arc thus discrete linear complex ions, 
[NH3-*Hg-»-NH3]2'. The Hg«-»N distances arc very similar; a.17 \ in NH.HgBr. 2.1 1 .\ 
in {(NHaljHgJBrj. Thc'se bond lengths agree with covalent bond lengths calculate d from 
the covalent radii. Because of the similarity in the structure of the solid substances, it is 
possible 10 obtain mix<“d crystals of Hg(NH3),Br2 and ammonium bromide, or of 
Hg(NH3),Brj with Hg{NH2lBr—e.g., by co-precipitation or b>' heating the substanc<-s in a 
sealed tube. 


[Hi) Afillon's Base. The action of ammonia solution on vellow mercury o.xidc 
yields a bright yellow microcrystalline powder {( 1 = 4.08), practically insoluble in 
w-ater and other solvents, and having the composition Hg.NHjOa. This is also a 
well defined compound, which has the property of reacting with acids to form salts. 
It is known as Millon’s base, and according to Hofmann (1899) it is probably to he 
formulated as dihydToxomeTcury{II)-ammonium hydro.xide, 


HO—Hg/ • 


OH 


Its salts—which contain one molecule less water—would 
ammonium salts. 


|oChPnh.| X. 


be oxodimercuiy(II)- 


The corresponding base, [OHgjNHjJOH, is formed from Millon’s base by 
dehydration over caustic potash in an atmosphere of ammonia. It is a dark yellow- 
powder {d = 7.42), which loses a further molecule of water when it is heated to 
125® in a current of ammonia. The product is a dark brown powder {d = 8.52) 
which explodes if it is touched, and which no longer has the property of forming 


salts with acids. Hofmann gave it the formula ; it may well be a 


substance of high molecular complexity. 


All these compounds are rather unstable. Millon’s base decomposes when exposed to 
light, and crackles when it is powdered in a mortar. The second base is still more photosen¬ 
sitive; the third is so unstable that in the dr>' condition it explodes with a sharp report if it 
is touched or heated to 130®. 

Salts derived from Millon’s base (X = F, Cl, Br, I, CN, NO,, NO,, .JSO4, iCOj, etc.) 
can be made not only by the action of acids on the base, (whereby double decomposition 
occurs, but not dissolution), but also directly. Those compounds of this type which are 
derived from highly ionized mercury(II) salts are invariably formed when a solution of the 
salt concerned is treated with ammonia, e.g., 

2Hg++ -f NO3- + H3O + 4NH3 - [ 0 Hg,NH,]N 03 T 3NH4+ (t) 
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Ciorrrsponding treatment of the weakly ionized mcrcury(II) salts, however, leads first to 
com[)()unds analogous to the ‘white precipitates’. If these are boiled with water or caustic 
alkali (eqns, 2 and 3). they arc converted into salts of Millon’s base. The action of ammonia 
on basic mercury salts leads to the same products (cqn. 4), as also does the action of am* 
monia and alkali hydroxide on the complex halides of mercury (eqn. 5). 


2(Hg(NH,)3jCb + HjO 
fusible white precipitate 

= [OHgjNHjJCI + 3NH,CI 

( 2 ) 

2fNH,HgCl] + H ,0 
infusible white precipitate 

= (OHgjNH.JCl + NH.Cl 

(3) 

HgCb • HgO + 2NH, 

= [OHg,NH,]Cl + NH.CI 

(4) 

afHgi.r f NH3 4 - 30H- 

= tOHg,NH,]I -f 7I- + 2H3O 

(5) 

The reaction represented by the last equation constitutes the basis of the detection of ammo¬ 
nia by .Ncssler’s reagent. 

According to Egidius (1936), the black solids formed by the action of ammonia on mer- 


ciir> (I) salts contain compounds corresponding to the fusible and infusible white precipi¬ 
tates, and to the chloride of Millon’s base; the compounds are stated to be [Hg,(NH3),]Cl,, 
—Cl, and [OHgjNHjJCl, respectively. Evidence for the formation of such deri¬ 
vatives of unipositive mercury (which has been much disputed) was found in analytical 
data and X-ray diffraction patterns, although no complete structure determinations have 
been carried out. It is not possible to isolate the compounds in the pure state; NHjHgjCl, 
the analogue of infusible while precipitate, is the initial black product of the action of 

ammonia on Hg,Clj, but slowly decomposes into NH,HgCl + Hg when kept in the moist 
state. 


(k) Mercury Alkyls 


Mercury reacts more readily than any other metal with organic compounds, to form 
Hg-C bonds, and mercury alkyls—e.g., Hg(CH,), m^rewy dimethyl (d = 3.07, b.p. 95®)— 
are very readdy formed, c.g. by the action of magnesium alkyl halides on mercuric chloride. 
Mercury alkyl halides are thereby formed as intermediates. Mercury also reacts directly 
with some alkyl iodides (e.g., methyl iodide) in sunlight, to give the same products, and 
can replace hydrogen in a wide variety of organic compounds (direct ‘mercuration’). The 
mercury alkyls arc colorless liquids, with a weak and characteristic smell. Their vapors are 
very toxic. Unlike the zinc alkyls, they are not attacked by air or water at ordinary tem¬ 
perature. This is primarily because of the very low affinity of mercury for oxygen. The 
mercury alkyls arc actually less stable than the zinc alkyls, as shown by the fact that they 
react with metallic zinc to form zinc alkyls: Hg(CH3), -j- Zn = Zn(CH,), -J- Hg. 

The alkyl mercury halides are reactive solids. Thus methyl mercury iodide, CHjHgl (color¬ 
less leaflets, m.p. 152°, volatile in steam) reacts with moist silver oxide, forming methvl 
mer^p> hydroxide, CH^HgOH (m.p. 137“). This subsUnce is soluble in water and alcohol 
and IS a moderately strong base. It reacts with acids to form salts which resemble the 
mcrcury(n) salts in that the derivatives of strong oxyacids are highly ionized (eg 
CHjHgNO,, molar conductivity of o.i-normal solution = 101.0 at 25°), whereas the 


halogen salts and salts of weak oxyacids are but little ionized 
conductivity of o.i-normal solution = 4.9). 


O 

(CHjHgOC—CHj, molar 


10. Analydca] (Mercniry) 

Mercury is very readily detected in the course of analysis. Mercury compounds, 
when heated with soda in an ignition tube, yield a grey distillate consisting of fine 
droplets of mercury, which can readily be recognized under a microscope if 
necessary. Mercury can be deposited from dilute solutions, by dipping in a strip 
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of thin copper foil, which can subsccjuently be rolled up and 
tube. 


lieaied in an ignition 


Air may be tested for the presence of mercury by passing it through a pli.ij of pure ^old 
leaf. wh.cl. .s then mtroduccd mto a gas discharge tube. After evaeuat.on d.e gold lea 
plug ts heated and the spectrum of the res.dual gases is excited. Even minimal oace o 

mercury g.vertse to a green hnc at/= 546 mp, and also an .ndigo blue line at A - 4.6 0 , 

tf the metal ts present tn larger amounts. Stock has worked out a procedure for the detection 
and exact determinatmn of very minute amounts of mercury (down to o.oiy) 
arm 44 1931) 200], This inv-olves the electrolytic deposition of the metal on a copper wire 
md dtstdlaf on m a glass tube of special form. The mercurv is collected in one end of the 
tube, which IS drawn out into a capillary and cooled, and the size of the resulting droplet is 
measured with the eyepiece micrometer of a microscope. In such a determinatioLf minute 

substance, it is particularly necessary to test all the reagents used, to ensure 
that they are free from mercury (‘blank' determinations), and also to avoid any possibility 
of subsequent contamination of reagents through the air of the laboratory. 


In the systematic analysis for cations, unipositive mercury is precipitated as 
calomel on the addition of dilute hydrochloric acid, and this may be recognized 
by the black coloration produced wdth aqueous ammonia. Dipositive mercury is 
precipitated by hydrogen sulfide from dilute hydrochloric acid solution as the 
black sulfide, HgS. This may be distinguished from all the other sulfides precipi¬ 
tated, in that it is insoluble both in ammonium polysulfide and in dilute nitric 
acid. 


If mercury or the sulfide is dissolved in aqua regia, evaporated down and treated with 
coba t nitrate and potassium thiocyanate (without diluting too much), beautiful deep blue 
needlp of cobalt rnercury(II) thiocyanate, CoHg(SCN)„ are formed. This reaction is so 
sensitive that (carried out as a micro-reaction) it permits the detection ofo.o^y of mercury. 
The blue to violet color given with diphenylcarbazone is still more sensitive.This test, best 
carried out as a drop reaction, can also be adapted for use as a colorimetric or microcolo- 
nmelric method for the quantitative determination of amounts of mercury down to o o'ly 
(Stock, 1928-9). ' ' 


In gravimetric analysis, mercury is precipitated as mercury(I) chloride, Hg^Clj, 
or as the sulfide, HgS, depending on whether it is present in the + i or +2 state. 
Both compounds are weighed as such after appropriate drying. It should be noted 
that solutions containing mercury must not be evaporated to dryness with hydro¬ 
chloric acid, since very appreciable quantities of the metal may be lost by volatil¬ 
ization in the form of chloride. It is often most convenient, therefore, to deposit 
mercury electrolytically, as metal. This can be done in a flask with a platinum 
wire, to serve as the cathode, fused through the base. This is covered with mercury 
at the beginning of electrolysis, and the increase in weight as a result of electrolysis 
gives the amount of mercury deposited. 
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CHAPTER 10 


THE LANTHANTOE SERIES 


Elcm<^nts 

numbrrs 

Sym¬ 

bols 

Atomic Valence 
weights states 

Elements 

numbers 

1 

Sym- 

l^ls 

Atomic Valence 
weights states 

58 

Cerium 

Ce 

140.13 

III. IV 

65 

Terbium 

Tb 

•58-93 

III, IV 

59 

Praseodymium 

Pr 

140.92 

111 , 1 V 

66 

Dysprosium 

Dy 

162.51 

III 

60 

Neodymium 

Nd 

144.27 

III 

■ 67 

Holmium 

Ho 

164.94 

III 

61 

Promethium 

(unstable) 

Pm 

' 45 t 

III 

68 

1 

Erbium 

Er 

167.27 

III 

62 

Samarium 

Sm 

• 50-35 

II,III 1 

69 

Thulium 

Tm 

168.94 

III 

63 

Europium 

£u 

152.0 

II,III : 

70 

Ytterbium 

Yb 

17304 

11 , III 

64 

Gadolinium 

Gd 

157.26 

III 1 

71 

Lutetium 

Lu 

1 74-99 

III 


t Atomic weight of longest lived isotope (half'life ca. 30 years). 


I. General 

(a) Introduction 

The lanthanide (or ‘rare earth’) scries comprises the elements of atomic number 
58-71 inclusive, as listed in the above table. In their properties, these elements 
closely resemble the Group IIIA element lanthanum (atomic number 57), which 
immediately precedes them in the sequence of atomic numbers. In general, their 
properties are intermediate between those of lanthanum and its lower homologues, 
yttrium and scandium, and these three elements, together with the fourteen ele¬ 
ments from cerium to lutetium are included in the series of the rare earth metals*. 

Among the rare earths, the fourteen elements listed above are marked out by 
their position in the Periodic Table, in which they form a special series. This, in 
turn, is the result of a very characteristic feature of their atomic structure, which 
was discussed in the introduction to Vol. II of this book:—the lanthanide elements 
are characterized by the progressive filling of the 4/ levels of their electronic configu¬ 
ration. [/]. As has already been seen, this necessarily means that the atomic 
number increases by 14 units from the first to the last element of the group. If 
each of these values of the nuclear charge corresponded to a stable nucleus, there 
would be 14 elements in the naturally occurring lanthanide series. However, the 
rules of nuclear stability (cf. p. 592) make it probable that there is no stable 
nucleus with the atomic number 61, and element 61 has, in fact, never been found 

* homologuc of lanthanum, actinium^ might also be included in the rare 

earth senes, on the basis of its chemical behavior. It is not usual to do so, however, since 
this excessively rare element is important in a quite different context—namely that of 
radioactivity. It was, however, formerly customary to include thorium among the rate 
earths, as being usually associated with them in Nature. Although there are some relation¬ 
ships, there is no justification for regarding thorium as a rare earth element. 
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in Nature*. A gap therefore remained within the latulianidc scries i just as in the 
case of the next homologue of inangaiu'sej, until tliose elements whitli were 
unstable, and therefore not lound in Nature, could be prepared b\' nuclear 
transmutation. 

(b) Valence 

\\ith the exception of cerium, all the lanthanides are norrnalK'tripositiee in 
their compounds. Cerium can be not only trip(jsiti\’e, but also letrapositis e in 
many of its compounds. A few of tlie otlier lanthanides constitute exceptions to 
this rule, in that they form certain compounds in which they e.xercisc other 
valences than three. Praseodymium and terbium can also function as tetraposiii\ e 
elements, whereas samarium, europium, and ytterbium can be dipositixe**. 

The triyalcncc common to all the lanthanides can be explained in terms of tlu ir atomic 
structure in the following way. Spectroscopic ex'idence shows that, in th<‘ neutral lanthanum 
atom, two electrons occupy 6 j orbits, and one electron a 5^ orbit. It is also proved by 
magnetic susceptibility measurements that the occupation of the 4/iniern>e(liaie level, 
which begins with cerium, is complete in lutetium, i.c.. with the last element of the lanth¬ 
anide series. It follows therefore that—unlike the processes which give rise to the Sub¬ 
groups of the Periodic System—on the average one electron is added to the 47 level as the 
atomic number increases, throughout the lanthanidegroup.*** Thegrouncistatesofall the 
lanthanide elements are not known with certainty, but even if it is not strictly accurate to 
say that the outer configuration of all the lanthanide elements is the sante a.s that of the 
lanthanum atom, the ionization energies are such that three, and only three, electrons are 
readily abstracted to form a positive ion. The lanthanides thus have essentially the same 
valence properties as lanthanum. The electrons of the 4_/"shell are more firmly bound, arid 
only in exceptional cases can they function as valence electrons.**** This is exemplified by 
the properties of cerium. .Although this is the first element in which the nuclear charge has 
reached a.value great enough to stabilize the 4y^levels, the binding energy of a4yelectron 
is already such that the reduction process Ce**^* + e -*■ Cc*** is strongly exothermic 
whereas the addition of a further electron to the ‘outer shell’ by the process Ce^* * -f-c -*-Ce* * 
is attended with the expenditure of a considerable amount of energy* ****. 

The ability of certain of the lanthanides to function as tetra- or dipositivc is intimately 
connected with their position in the sequence, as is clearly shown by Fig. 55. .As in Fig. 28, 
Vol. I (p. 127), the electron number of the neutral atoms and in the Ions arc plotted as a 
function of atomic number. Applying the considerations set out on pp. 127-128, Vol. I, it 
would appear that in the range covered by the lanthanides, there are three electron systems 
of especial stability. These are, first, the electron systems found in the and Lu®+ ions, 

* The reported discovery of element 61 by Harris, Yntema and Hopkins (‘illinium’), 
and by Rolla and Fernandes (‘florentium’) in 1926 has not been confirmed. The optical 
absorption spectra and X-ray emission spectra ascribed to these elements were really due 
to other known elements (Prandtl, 1926-37; Noddack. 1934). Since fission of uranium 
does occur in Nature, a certain amount of fission-product promethium (cf. p. 593) must be 
present in uranium minerals, but the quantity is far below the limit of ordinary chemical 
detection. 

•* This statement refers to the valence state in solid, salt-like compounds. As regards 
the existence of 4-2 lanthanide ions in solution, see p. 481. 

*** In the Sub-groups (as was explained on p. vi, Introduction), a rc-arrangemenl of 
levels leads to the completion of the d level in the eighth or ninth element of each transition 
series, although a total of 10 electrons is added to the d level. 

•*** In some lanthanides the 5^/shell is unoccupied (see Tabic 77, p. 611). In these 
cases OTU of the 4/ electrons is only loosely bound and behaves almost as does a ^d electron 
in the other laKthanides. 

***** These considerations apply to the energy of creation of ions in solution, or in ionic 
crystals, where the total energy change is the sum of the change in ionization energy and 
the change in the solvation energy or lattice energy that accompanies an alteration in the 
valence of the ion. 
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t(>rrcs|)(>n(lini{ to the xenoti configuration (with completely empty 4^ level) and the xenon 
configuration f- filled 4y level, respectively. Whereas scandium and yttrium arc followed 

by a series of elements which can lose elec¬ 
trons until the resulting atomic cores have 
the configuration of the preceding inert gas, 
this docs not happen after lanthanum, be¬ 
cause of the relatively high binding energy 
of the 4/ electrons. There are, however, 
two elements which can lose 4yelcctrons— 
cerium (cf. p. 485) and praseodymium. In the 
case of the latter, however, the removal of 
one electron is much more difficult than with 
cerium, and it is very uncertain whether 
both 4/electrons arc ever lost, giving 4-5 
praseodymium (cf. Prandtl and Rieder, 
1938). In none of the next elements is the 
lattice energy sufficient to compensate for 
the energy expended on ionizing a fourth 
electron. Corresponding considerations 
govern the behavior at the end of the lanth¬ 
anide group. Here, the extra stability of 
a completed 4/shcll leads to a relatively firm 
retention of one of the valence electrons in 
ytterbium. In appropriate circumstances, 
the free energy of a compound in which 
ytterbium is dipositivc may be less than that 
of a compound in which it is tripositivc and 
it is possible to isolate compounds of -j-s 
ytterbium, ft is also very evident that in 
the center of the lanthanide series there is 
also a configuration which recurs in several 
ions—namely that of the gadolinium ion, 
withjustscvtnclcctronsinthe4/level. Terbium, the element following gadolinium, attains 
the same configuration in the IV* ion, whereas europium, in the Eu*+ion, also acquires the 
Gd^' core by the loss of two electrons. The influence of this stable electron number shows 

itself also in the behavior of the next-preceding clement, samarium, which shows a tendency 

at least to approxiamte to the Gd^*^ structure by functioning as a dipositive element. 

The gadolinium ion thus occupies a special place in the series of lanthanides, correspond- 
ing (although to a much lesser degree) to the place of the inert gases in the Periodic 
System as a whole. KIcmm (1929) was the first to draw attention to this phenomenon 
which shows itself not only in the regularities between the valences, but in other properties 
also:—c.g., in the absorption spectra (p. 484) and in the magnetic susceptibilities of the Iri- 
valcnt ions. It can be justified on theoretical grounds. The magnetic moments of the lanth¬ 
anide ions indicate that, as the 4/ level is filled up, the seven sub-levels of which it is com¬ 
posed, characterized by different values of the magnetic quantum number m (Vol. I, p. 97) 
become at first each occupied by one electron. Only when all the 4/levels are ‘singly’ Occu¬ 
pied does a second electron (with opposed spin) enter an already tenanted level. Gado¬ 
linium, as the seventh element of the lanthanide scries, is the element in which all the 4/ 
levels arc singly occupied. From what has already been seen of the sequence of ionization 
potentials .n the series B-.Nc. Al-A, Ga-Kr, (Vol. I. p. ,7. Fig. 4). it is clear that whenever 
all the sub-levels of a shell are singly occupied, the binding energy of the electrons is in¬ 
creased (as with the atoms of N. P and As. in the instances cited). The same effect can there¬ 
fore be expected for the Gd®* ion*. 



l-'ig. 55. Numbers of electrons in the atoms 
and ions of the lanthanides and adjacent 

elements. 

(>//<■« circ/ti represent the number of electrons 
presi-nt in the n/ulral (iloins. Filled circles 
give the numbers of electrons in the charged 
aloms (ions) formed from the various valence 
states. Valence states of low stability are 
represented by smaller circles. 


I he sequence of ionization energies among the lanthanides is not yet 

known from duect measurements or from spectral data. However, it is possible to predict 
with fair confidence that the curv'e of4th.stagc ionization energy versus atomic number will 
at least show a break at Gd^* (as in the case ofSb on the curve for In to Xe, Fig. 4 of Vol 

Ij, even if It docs not actually have a peak. 
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The compounds of the + 2 lanthanides are not stable in solution, in the strict sense, since 

M*' + h o"" oh "i'h 'hf evolution of hydrogen (i,e„ 

1 / ^ M c the decomposition takes place more or 

less sluggishly. For curopium(Ill compounds, the reaction is so retarded that their solu- 

tions are practically stable at ordinary temperature. It is likely that all the lanthanide el.- 
ments form bivalent tons as in intermediate stage in the discharge of their trivalent ions 
(in aqueous solution) to the metals. This conclusion was drawn by W. Noddack (to-iy) 
from current-voltage curves obtained in the discharge of the ions at a dropping mercury 

reduction potentiaIs.M---,M-^) and the depositL potentials 

r as determined by Ncddack. The difference between the two quanti¬ 

ties (i.e.. the distance between corresponding points on cur\'es I and II) give a measure of 


^AtofTtic f^un>b^rs 



Fig. 56. Reduction potentials (curve I) of trivalent lanthanide ions, deposition potentials of 
the bivalent ions (curve II), and total discharge potentials of the trivalent ions (curve III). 
Ordinates for curves I and II are marked on the left hand side, ordinates for curve III 

on the right hand side of the diagram. 


the relative stabilities of the various lanthanide ions in the bivalent stale. It is clear that 
those elements which are known to form well defined compounds from the bivalent state 
(Eu, Yb and Sm) arc also considerably more stable in solution as bivalent ions than the 
other lanthanides. For the latter, the reduction and discharge potentials lie very close 
together (0.065 to 0.145 volu apart). Except for Eu, Yb and Sm, the biggest difference 
between reduction and discharge potentials was found for gadolinium. As an electrolytic 
ion, in aqueous solution, gadolinium is thus more easily reduced than most of the other 
lanthanides. It does not follow that this is necessarily in contradiction with the special 
stability ascribed to the free Gd^"*" ion. The effects of hydration energy on the free energy of 
formation of electrolytic ions are such that reduction potentials and discharge potentials do 
not always run parallel with the ionization potentials of the free ions. The special place of 
gadolinium shows itself in the series of electrolytic ions if the total energy to be expended 
in discharging the ion is compared. This is given (in electron-volts per g. ion) by Kj .g + 
(cf. Vol. I, p. 142, eqn. (3a)). This quantity, plotted as curve III (Fig. 56) shows a 
distinct break at gadolinium. 


(c) Basicity of the Hydroxides 

The hydroxides of the lanthanides are all definitely basic in character. They 
resemble the alkaline earth hydroxides mqre closely than aluminum hydroxide 
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in this respect, but they are much more insoluble than the alkaline earth hydroxi¬ 
des, and are quantitatively precipitated by alkali hydroxides, even in the presence 
of ammonium salts. If v'ery dilute alkali hydroxide or ammonia is added drop by 
drop, precipitation takes place in the order Sc''‘+^, Lu+++, Yb+++, Er+‘^, 

, Dy^^+, Tb+++, Sm+++, Gd+^'+, Eu+++, Y+++, Nd+++, Pr+++, Ce+++ 


(j 


- f t 


H 

La* ’ It is not possible to bring about a complete separation of the various 
elements by this means, but it is possible to observe a partial separation, following 
the sequence just given, especially if the fractional precipitation is repeated several 
limes. This sequence corresponds to the order of increasing magnitude of the 
solubility products, and therefore to increase in basic strength. It may be seen that 
the ludroxides of the lanthanide elements are intermediate in basic strength 
betw een those of scandium and lanthanum. Cerium(III) hydroxide, the strongest 
base of the lanthanide series proper, differs very little from lanthanum hydroxide. 
Liitctium hydroxide, the weakest base, precedes scandium hydroxide, but is a 
sufficiently stronger base to permit the separation of scandium relatively easily 
from the other rare earth metals, by fractional precipitation with ammonia. 


The order of basic strength among the oxides of the lanthanides may also be decided by 
other criteria—c.g.. from the order of thermal decomposition of the nitrates when they are 
heated. In general, the greater the basic strength of an oxide, the more stable is the nitrate 
derived from it. It is possible to effect a separation between rare earths which differ 
sufficiently in basicity, by repeated application of this and similar methods. The precipi¬ 
tation processes based on differences in basicity were therefore very important historically, 
for the discovery of the rare earths. If it is required, not to separate them, but to determine 
the order of basic strength as accurately as possible, there arc other, more suitable methods, 
which enable measurements to be carried out on preparations of the pure, already 
separated rare earths. Determinations of this kind were carried out by James (1914, 1921) 
and Endres (1932). The former determined the amount of iodine liberated from an iodide- 

iodate mixture by solutions of the 
various sulfates, and also measured 
the rate of evolution of carbon 
dioxide from sodium carbonate, 
by boiling solutions of the rare 
earth sulfates. He thus obtained the 
following sequence, in order of 
decreasing basicity: La, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Y, Er, 
Tm, Yb, Sc. The basic strength 
thus decreases regularly within the 
rare earth group, in the order of 
increasing atomic number. 

This order is closely connected 
with the decrease in ionic radius, 
shown in Fig. 57. The smaller the 
radius of a positive ion, the more 
firmly, uteris paribus, will a hy¬ 
droxyl ion be bound to it, accor¬ 
ding to Coulomb’s law. The 
decrease in ionic radius, called by Goldschmidt the ‘lanthanide contraction’, is in its 
turn the result of the increasing attraction of the nucleus for the outer electrons as the 
nuclear charge increases. Whereas the beginning of new electron shells—i.e., the entry of 
electrons into orbits of higher principal quantum number—is attended with an increase 
in atomic radius, the progressive completion of an inner shell, along the rare earth series, 
IS accompanied by a continuous decrease in atomic radius. One consequence of this is that 
the last elements of the series actually have smaller atomic and ionic radii than yttrium, 



Atomic number 


57 - Variation of ionic radius of the lanthanide 
elements with atomic number. 
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which has a much smaller nuclear charge, and therefore contains far (ewer electrons. Phis 
is why, in all properties which depend on ionic radius (or ionic volume), yttriunt falls in 
the middle of the lanthanide scries. 

Endres measured directly the relative magnitudes of the solubility products of the hydro¬ 
xides. His measurements confirm the parallel course of basicities and ionic radii, except lor 
the case of yttrium. He found the solubility product of yttrium hydroxide to be somewhat 
greater than that of dysprosium hydroxide, whereas the ionic radius of yttrium is slightly 
smaller than that of dysprosium (Fig. 57). 

(d) Osddes and Salts 

The oxides of the lanthanides resemble those of lanthanum, yttrium, and 
scandium in being practically insoluble in water. They are strongly basic, and as 
just stated, the basicity diminishes regularly with increasing atomic number, so 
that the oxide of the last clement of the lanthanide group, LujOj, falls about mid¬ 
way between YjO, and ScjOj. 

The sesquioxides of lanthanum and the elements immediately following have hexagonal 
structures (LajO, or ‘Type A’ structure; see Fig. 15, p. 38). Cell dimensions are: 

La.O, CcaO, Pr.O, Nd^Og 

a = 3.93 3.88 3.85 3.84 A 

c = 6.12 6.06 6.00 6.01 A 

The other sesquioxides, and also ScjO, and YjOj, form cubic oxides (‘Type C structure; 
Sc, 0 ,, Mn,Oj, orTljOjstructure; see p. 37-8), with the cell dimensions shown in Tabic 49 
(Zachariasen, 1928; Klemm, 1935). Some workers (c.g., Goldschmidt) have reported the 
formation of a third modification, said to be the form stable at low temperatures for the 
elements from Ce to Nd, and at high temperatures for Sm to Gd. The structure of this 
‘Type B’ modification is unknown. Under suitable conditions (e.g., when their nitrates arc 
ignited at low temperatures) La| 0 , and Nd,Oj can also be obtained in the cubic modi¬ 
fication (Lohberg, 1935). Ce,Oj and Pr, 0 , can also be obtained in the cubic form (Klemm, 
1939), but only under special conditions, because of the ease with which they undergo 
oxidation. 

TABLE 49 

CELL DIMENSIONS OF THE CUBIC MODIFICATION OP THE RARE EARTH 
SES(^UIOXIDES, AND APPARENT IONIC RADII OP THE TRIVALENT IONS 

OF THE RARE EARTH ELEMENTS (iN A) 



Sc,0, 

Y,0. 

LajOj 

Ce.O, 

Pr.O, 

Nd, 0 , 

SmjOs 

EUjOa 

GdjO, 

a = 

9-79 

10.60 

1 1.4 

7 

« 

7 

4 


10.893 

10.842 

10.797 

r SS5 

0.83 

1.06 

1.25 1 

1 



1.14 

J.12 

1 . I 1 



Tb,03 

Dy,0, 

Ho,0, 

EffO, 

TmgOg 

Yb ,03 

LujOj 



a = 

10.69 

10.629 

10.58 

10.505 

10.455 

10.408 

'0.375 



r = 

1.08 

1.07 

1.06 

1.04 

1.02 

1.00 

0.99 




Whereas La.Oj, YjOj, and ScjO, are colorless, the oxides of the lanthanides 
are mostly colored, as also are the ions of these elements in solution. Their solutions 
have characteristic absorption spectra, with relatively sharp and intense ab¬ 
sorption bands (Table 50). 

The ions Ce+++ Gd+^^, Yb+'*‘+ and have no visible color but the other ions are 

more or less intensely colored. Cerium is only colorless in the trivalent state; compounds of 
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4 cerium arc orange to intense red in color in solution. Cerium dioxide, however, is 
practically colorless. A few other lanthanides which form colored ions also give rise to white 
oxides. If the light reflected from the colored oxides is examined spectroscopically, it is 
found to show absorption bands very similar to those found for light transmitted through the 
solutions. 


TABLE 50 

ABSORPTION SPECTRA OF THE LANTHANIDES IN AQUEOUS SOLUTION 

Wave lengths in m/4. Where the limits of the band^ are not given, the wave length is that 

of the band center or position of maximum extinction 


Cerium No visible absorption. Strong bands in ultraviolet 

Praseodymium 597 389 481.9 (sharp) 469 (sharp) 444 (broad) 

Neodymium 730 687.7 678.6 637 6*9 623 594-563 534-498 480.2 475.5 469.1 

461 (diffuse) 433 427.2 4*8.2 

Samarium 559 4995 489 a 487-472 464 43* 443 (diffuse) 418 416 402 390.5 3746 

362 


Europium 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

Ytterbium 

Lutetium 


336 sas 465.6 465.1 464.7 394.3 385 3 380.9 376.6 374-9 361.7 
No absorption bands in visible region 
573 5a3 487.5 379.7-375.7 369.4 

753 479-468 453.4 450. 1 427.4 398 388 (broad) 365 

64' 550-533 4®5*2 480 473 468 458-443 422 417 390 386 361 

667 653 648 549 54* 3 523 521 491.3 487.1 4334 449.7 44a.a 407 403 379.4 

364 339 336 

699 682 658.3 464.2 

No absorption bands in the vuible region 
No absorption bands in the visible region 


It has been shown, by extending abso^tion spectrum measurAnents into the ultraviolet 
region, that the absorption bands are displaced in regular fashion as the atomic number 
increases (Prandtl, 1934)* Pfom praseodymium to gadolinium, the bands shift progressively 
from the red to the ultraviolet, and from gadolinium to thulium they move back towards the 
red. In addition to these, there are some bands which do not undergo any considerable and 
regular shift, but which are peculiar in that they diminish in intensity from praseodymium 
to europium, are completely absent from the spectrum of gadoljnium, and then reappear in 
increasing strength in the succeeding elements. Thus the lanthanides group themselves 
symmetrically about the gadolinium ion, in their optical absorption. This shows itself in the 
color of the ions in the following way: 

*7La** colorless 

s#Ce*'^ (u.v. absorption only) 
sjPr*-*- (yellow green) 

joNd** (red violet) 

(color unknown) 

(yellow) 

mEu*+ (nearly colorless) 

^Gd*+ (colorless) 
ttTb*+ (nearly colorless). 

„Dy»+ (pale yellow green) 

, 47Ho*+ (brownish yellow) 

•iEH> (pink) 

(pale green) 

,oYb‘> (u.v. alMorption only) 

(colorless). 


des'Texcem for arc all diamagnetic, the linthani- 

des (except for compounds of Lu»-) are paramagnetic in all salts in which they are trivalent 
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(cf. Vol. I. Tabic 6o. p. 304’. 1 he elements from gadolinium (o ihulium ineliisisc artuallv 
havc a higher magnetic suscepnbihiv than the most strongly paramagnetic salts of iron 
cobalt, nickel, or manganese. 


Salts of the lanthanides (including Sc. V, and Lai generallv crv.stalli/e as 
hydrates. The chlorides, sulfates, and nitrates are freely soluble in water. 1 lie 
oxalates, fluorides, carbonates, and phosphates, especially, arc verv sparingly 
soluble. The highly colored sulfides, which can be prepared by reduction of the 
sulfates, are decomposed by boiling them with water. 

Most salts of the rare earth elements form double salts with the corresponding 
salts of the alkali metals and ammonium, and also in main' cases with the bivalent 
metals. Many of these double salts possess excellent crystallizing powers. 

A number of these double salts have been found very suitable for effecting a separation 
of the rare earths from one another by /raclion/il crystallization: examples are the double 
nitrates (e.g., the ammonium and magnesium double nitrates), double sulfates, double oxalates. 
and double carbonates (with the alkali metals). Fractional crystallization of the ammonium 
double nitrates had already been used by Mendeleeff for the separation of lanthanum from 
‘didymium’ (cf. p. 490), and was again employ ed by .Xuer von Welsbach when he succeeded, 
for the first time, in resolving ‘didymium’ into neodymium and praseodymium. 

Cerium, the first element of the lanthanide group, occupies a rather special 
position, since the compounds of -(-4 cerium differ completely from the typical 
compounds of the lanthanides. They are more closely analogous to the compounds 
of thorium, and cerium was therefore formerly often considered to be a homologue 
of thorium, occupying a position in the Periodic System roughly corresponding to 
that which is today filled by hafnium. 


If the properties of their compounds are compared, +4 cerium is, in fact, more closely 
analogous to thorium than is hafnium. This is quite comprehensible, in terms of the theory' 
of atomic structure. It is, in the first place, not surprising that the first element of the lantha¬ 
nide series should function as letrapositive. as well as tripositive. With one electron in the 
4/shell, it is to be expected, by analogy with the entry of electrons to the ^d shell with 
scandium, that this electron should be not very firmly bound. As soon as this electron has 
been ionized off, giving the quadrivalent ion the cerium atom has lost the essential 

characUristic of the lanthanide atoms. As Hevesy has commented, the Ce‘^ ion is in some 
respects a foreigner among the lanthanide group. If it were not for the occupation ofthe4_/‘ 
levels between lanthanum and lutetium, Sub-gjoup IV would contain a homologue of 
thorium, following lanthanum, not with the properties of hafnium, but with exactly the 
behavior of tetrapositive cerium. This would undoubtedly have a closer resemblance to 
thorium than hafnium has; for the eflect of the lanthanide contraction is that in atomic and 
ionic radii, and all the properties connected with them, hafnium is remarkably close to 
zirconium, and correspondingly different from thorium. Hafnium also differs from thorium 
in that its positive ion does not have the inert gas configuration, whereas the Ce‘+ ion 
resembles thorium in this respect. 


(e) Properties of the Metals 

The lanthanide elements are prepared in metallic form by the same methods as 
lanthanum. ‘MischmetalT, which is commonly prepared technically, is a mixture 
consisting chiefly of the cerite earths. An average composition is: 50% Ce, 40% La, 
3% other rare earth metals, and 7% Fe. It is ‘pyrophoric’, i.e., small particles 
filed off it ignite in air, and burn with a bright light and much heat. It is therefore 

• It is, of course, assumed that this electron is more deeply seated than the valence 
electrons present in the lanthanum configuration, and will therefore be lost only in the 
conversion of the Ce®'*’ ion into the Ce*'*’ ion. 
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suitable for use in friction igniten; (as in pocket lighters, etc.). For this purpose it is 
alloyed with more iron, since it is otherwise too soft. The sparking of mischmetall 
and its iron alloys (cerium-iron) when struck with roughened steel, etc., is due to 
the low igniton temperature and high heat of combustion of the rare earth metals. 

Cerium and cerium mischmetal! ignite in pure oxygen at about 150'; lanthanum docs so 
at about 450’. Heats of formation per mol of oxide arc 

La,Oj CeO, PrjOj PrO, NdjOj SmjOs 

539 233 439 231 435 430 kcal 

—i c are considerably higher in certain cases than the heat of formation of aluminum 
oxide (402 9 kcal). These high heals of formation correspond to the strongly electropositive 
character of the rare earth metals, which shows itself also in their high deposition potentials. 

rhe metals are relatively fusible. The melting point of cerium is 815“. 

Until a few years ago, only lanthanum, cerium, praseodymium, and neo¬ 
dymium had been prepared in the metallic state. Urbain prepared gadolinium in 
1935. Klemm and Bommer {1937) prepared small amounts of all the lanthanide 
elements, and determined their crystal structure and magnetic susceptibility. 
The method employed by Klemm w'as the reduction of the chlorides with metallic 
potassium (in a few cases with rubidium or cesium) at a moderately low temper¬ 
ature in an evacuated or argon-filled sealed glass tube. The excess of alkali metal 
was distilled off after the reduction, but the alkali chloride formed by the reaction 
was not separated off, since it did not interfere with subsequent measurements. 
Crystal structures, cell dimensions, and calculated densities of the rare earth metals 
arc listed in Table 51. 

More recently, the development of ion exchange methods for separating the rare earths 
(see below) has made it possible for Spedding to prepare kilogram quantiles of very pure 
rare earth metals. The anhydrous chlorides and anhydrous fluorides were reduced by 
means of pure metallic calcium at 1300—1500®. By this method, lanthanum, cerium, 
praseodymium, neodymium, gadolinium, yttrium, erbium, holmium, dysprosium, terbium, 
and thulium have been prepared in the form of ingots [Spedding and Daane, J. Am. Chem. 
Soc., 74 (1952) 2783; J. EUclrochem. Soc., 100 (1953) 442 ]- Approximate melting points of 
those elements which had not hitherto been obtained as the free metals were found to be: 
Y 1450°, Er 1400-1500®, Ho 1400-1525®, Dy 1400-1525®, Tm 1500-1600®. The three 
lanthanide elements samarium, europium, and ytterbium, which display considerable 
stability in the bivalent slate, cannot be isolated by the calcium reduction of the chlorides 
or fluorides; reduction does not go beyond SrnCl,, EuCIt and YbF, (or YbCl|) at any 
temperatures. It was found that when a preparation containing 98% GdCl3 -|- 2% SmCl, 
was reduced to metal, the resulting specimen of gadolinium contained no detectable 
samarium. 

Klcmm’s magnetic measurements show that all the lanthanides are paramagnetic in the 
metallic state. For the metals from Eu to Tm, paramagnetbm passes over into ferro¬ 
magnetism below a certain temperature (the Curie temperature—cf. Vol. I, p. 303), but the 
property is strongly developed only in Gd. The Curie temperatures are: 

Eu Gd Tb Dy Ho Er Tm 

15° 302^ 205® 150® — 40® io®K 


They thus vary regularly with atomic number, and the special position of gadolinium in the 
series shows itself in the magnetic properties also. 


I 


GENERAL 

table 51 



CRYSTAL STRUCTURES OF LANTHANIDE ELEMENTS 


Ele¬ 

ment 

ture dimensions 

Densi¬ 

ty 

Elc- Struc- 
meni turc 

a-Ce 

hex.c.p. a = 3.65 c = 5.96 

6.78 

Tb 

hex.c.p. 

/ 3 -Ce 

fc.c. a = 5.140 

6.810 

D>- 

hex.c.p. 

a-Pr 

hex.c.p. a = 3.657 c = 5.924 

6.776 

Ho 

hex.c.p. 

/ 3 -Pr 

f.c.c. ^~5-^5^ 

6.805 

Er 

hex.c.p. 

Nd 

hex.c.p. a = 3.655 c = 5.880 

7.004 

Tm 

hex.c.p. 

Sm 

> _ 

6.93 

Yb 

fc.c. 

Eu 

b.c.c. a = 4.573 

5-244 

Lu 

hex.c.p. 

Gd 

hex.c.p. a = 3.622 c = 5.748 

7-948 





^ = 3 - 5®5 ^ = 5-664 B.33'2 

^ = 3-578 <• = 5.G4H 8.3G2 

« = 3-557 = 5-6'.2o 8.7G4 

= 3-532 = 5-589 9.164 

^ = 3-523 c = 5-564 9-346 

a = 5.468 7.OJ0 

^ = 3-509 = 5-559 9-740 


[h<*x.c.p. = hexagonal closest packing. f.c.c. = face centered cubic structure. 
D.c.c. =5 body centered cubic structure] 


In Fig. 58, the atomic volumes of the lanthanides are plotted against atomic 
number. Europium, ytterbium, and samarium, which differ from the other 
elements in their ability to function as di¬ 
positive (cf. Fig. 56), also stand out from the 
other lanthanides in the metallic state by 
their much greater atomic volumes. The two | 
first mentioned elements arc the analogues of 2 
barium, not of lanthanum in this respect, as is | 
clear from the diagram. It may, in fact, be t 
deduced from the magnetic properties (cf. Vol. I | 
p. 306) that europium and ytterbium are present ' 
in the metallic crystal lattice as doubly charged 
positive ions, as is barium. Samarium, which 
is far less readily converted to the bivalent state 
than europium or ytterbium, deviates far less 
than these elements from the regular trend of 
atomic volumes in the lanthanide series. 

If all the lanthanide metals were present as triply 
charged positive ions in their metallic crystals, like 
lanthanum, the atomic volume curve would follow 
approximately the dotted curve in Fig. 58, starting 
from lanthanum. Ce deviates from this curve in Fig. 58. Atomic volumes of the lan- 
the opposite sense from Eu and Yb. In agreement thanides and adjacent elements, 
with this, magnetic measurements indicate the pre¬ 
sent of Ce*+ ions in its metallic lattice, although Ce*+ ions predominate considerably at 
ordinary temperature. The atomic volume of cerium therefore lies much closer to the dotted 
curve than do the values for Eu and Yb, and the deviations are much smaller still for Pr and 
It is legitimate to assume, however, that these deviations arise from the same cause as 
in Ce. Pr and Tb share with Ce the ability, although less strongly developed, to become 
tetrapositive. The chemical properties of the lanthanide elements are reflected to a remark¬ 
able extent in the atomic volume curve. 



Except for those differences which result from the capacity of a few of the ele¬ 
ments to exercise valences other than 3, the known chemical properties-of the 
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lanthanides arc completely analogous to those of lanthanum. They form hydrides 
with hydrogen, resembling lanthanum hydride, and combine with nitrogen to 

form nitrides. 

TABLE 52 

HEATS OF FORMATION OF L A N T H AN I DE {111) COMPOUNDS 

(kcal per g-equivalenl) 



Ce 

Pr 

Nd 

Sm 

Gd 

Dy 

Ho 

Er 

Tm 

Lu 

Chlorides 

Iodides 

Sulfides 

Nitrides 

86.6 

54-5 

26.0 

85-9 

53-8 

84.8 

52.8 
43-8 

80.3? 

51.8 

81.7 

49 a 

79 - 2 * 

48.1 

77.6 

47-3 

77-3 

46.6 

76.5 

45-9 

75-9 

44-4 


Hydrides 2i.i 


• Modification stable at room temperature. 

Heats of formation of a few simple lanthanide compounds are given in Table 52. 
Data for the oxides have already been given {p. 486). 


(f) Alloys 

The behavior of the lanthanide elements towards other metals, as known at 
present, is summarized in Table 53. 

Lanthanum is included in Table 53, as well as the first two elements of the lanthanide 
scries. It may be seen that there is a very close analogy between the intcrmetallic compounds 
of the lanthanide group elcmenu and those formed by lanthanum itself. Not only are most 
of the compounds similar in composition, but the melting points are very close in every case. 
In addition to those listed in the table, a few other intermetallic compounds of lanthanum 
are known—LaGa. LaGa„ LaPbj. La,Ni (m.p. 515"), La,Ni, LaNi (m.p. 685") and LaNij 
(m.p. 1325®). It is very probable that similar compounds arc formed by Ce, Pr, and other 
lanthanides, but these systems have not yet been investigated. The compositions assigned 
in the literature to the TI compounds of cerium and praseodymium are only based on ana- 
logfy, and require confirmation. As is shown by the data in Table 53, there are certain points 
of difference between the various individual systems, in spite of the far-reaching similarity 
between them. 

The metals also form compounds of quasi-meUllic character with boron. These have the 
composition (LaB^, etc.), and arc isotypic with CaB^I ThB^ has the same structure. 
They are steel-blue in color, whereas the alkaline earth borides are lustrous black to dark 
brown. They have a considerable metallic conductivity, like all compounds of this crystal 
structure. 

The lanthanide elements combine with silicon to give compounds of the type MSi,; 
those formed by the first elements of the scries are iso-structural with LaSi,. The lanthanide 
contraction shows up very clearly in the regular increase in density (calculated from X-ray 
data) in the series LaSi, - CeSi, - PrSi, - NdSi, - SmSi„ from 5.41 to 6.26 (Brauer, 1952). 

With the elements of Group V, the lanthanides (La, Ce, Pr, and Nd, have been in¬ 
vestigated) form compounds of the type MX (and other types also), with the NaCI structure. 
They also form compounds of the type MX with the metals Zn and Cd, but these have the 
Csl structure (landelli, 1936-37). 

Four of the lanthanides are feebly radioactive. These are lanthanum (which changes by 
electron capture), neodymium (a ^-emitter), samarium (an a-emitter), and luUtium (a / 9 -emit- 
ler). The radioactivity of these elements depends upon the presence in each of them of an 
extremely small amount of an unstable isotope (see p. 538). The nuclide **’Sm, upon the 
disintegration of which the radioactivity of samarium de|>ends, is the only moderately 
heavy natural nuclide which is an a-emitter*. 

* Several of the artificially prepared lanthanides are a-emitters. 
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(g) History 

The first two stages in the history of the discovery of the rare earths have been 
described in Chap. 2. These were the discovery of the yttrium earths and the cerite 
earths, within a short time, and then, 40 years later, the resolution of each of these 
two earths into tlirce new earths, by Mosander. The latter history of the rare earths 
is characterized by the same features as the early stages. Every improvement in the 
techniques of separation and characterization led to a fresh resolution of what had 
hitlicrto been considered to be homogeneous substances until, ultimately, as 
shown schematically in Table 54, the number of rare earths had been raised to 
that at present recognized as occuring naturally—namely 16. Three of these 16 
rare earths—the three elements belonging properly to Group IIIB—were known 
and prepared in a state of purity at a relatively early stage, whereas some of the 
lanthanide elements were discovered within recent times. 

TABLE 54 

SCHEMATIC SUMMARY OP THE HISTORY OF THE DISCOVERY 

OP THE RARE EARTH ELEMENTS 


yttrium 


Yttrium earths 


Erbium 


Scandium 

(Gadolin 1794) VMosander 1843)^ (Nihon 1879) 



/Ytterbium 
(Marignac 1878) 


ytterbium 

LuUtium 
(Auer von Welsbach 1905-7, 
Urbain 1907) 


Cerium earths 
(Klaproth, 
Berzelius 1803) 


Terbium 


Cerium 



Didymium 


(Mosander 1839) 


Lanthanum 


Erbium 



Erbium 

Holmium 
(Cleve 1879) 

Thulium 



Holmium 

Dysprosium 
(Lecoq de Bois< 
baudran 1886) 



__ Samarium 

/Samarium 
(Lecoq de Bois- 
baudran 1879) '^Europium 

(Demar^ay i8g6) 

Gadolinium 


Pfeodymium 
(Auer von 
Wehbach 1885) 


(Marignac 1880) 
Didymium 



Praseodymium 


About the same interval of time as elapsed between the discovery of the yttrium and 
cerite earths, and their resolution into the oxides of 6 metah in all (yttrium, erbium, and 
terbium; cerium, didymium, and lanthanum) had to pass before a fresh stage in the 
history of their discovery began about 1880. In the meanwhile, the introduction of spectral 
analysis by Bunsen had furnished a powerful accessory for the identifying the elements and 
testing their purity. Moreover, new and more readily accessible minerah had been dis¬ 
covered, which enabled larger quantities of the rare earths to be extracted—e.g., samarskite, 
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from which Lecoq dc Boisbaudran isolated the oxide of samarium in 187c). In the previous 
year, Dclafontainc had concluded on the basis of spectral analysis that didymiuni oxide’ 
prepared from this mineral was not homogeneous (b\ comparing its absorption spectrum 
with that of didymium preparations from other sourcesL In t88o Marignac separated yet 
another oxide from samarskite—that ol gadolinium. Two years earlier Marignac had suc¬ 
ceeded in isolating a new oxide from erbia. up till then regarded as a pure substance. 
Unlike erbium oxide, which was pink, the new oxide was colorless, and as its properti<-s 
were intermediate between those of erbium and yttrium oxides, it was called ylteTbtum. 
oxide. Nilson, in 1879. separated yet another oxide—that of scandium —from the old erbia 
and in the same year Cleve obtained two more new oxides from the same source—the oxides 

thulium and holmium. The latter, in its turn, proved to be inhomogeneous. It still contained 
dysprosium, the characteristic absorption spectrum of which was recognized by Lecoq de 
Boisbaudran (1886) as belonging to a new element. 

In 1885. Auer von Welsbach succeeded in resolving didymium into two components— 
praseodymium and neodymium —by the fractional cr>'stallization of the ammonium double 
nitrates. Until this time, the method of fractional crystallization had received but little 
attention, but it has subsequently become of very great importance, for both the analytical 
and the preparative separation of the rare earths. Technical utilization of minerals con¬ 
taining the rare earths (especially monazite sand) in the gas mantle industry began at 
about the same time as Auer von Welsbach developed the technique of fractional crystal¬ 
lization. 

Since that time, rare earth chemistry has been concerned with the preparation of the 
elements in a state of genuine purity, and the closer study of their properties, rather than 
with the discovery of new members of the group. There were, in feet, few left to be dis¬ 
covered, since 14 of the 16 stable elements now known to comprise the group (including 
Sc, Y, and La) had been discovered by 1890. Demar^ay, in 1896, was able to separate a 
new element, with a characteristic absorption spectrum, from samarium. This subse¬ 
quently received the name of europium. In 1905, Auer von Welsbach inferred from spectro¬ 
scopic evidence that Marignac’s ytterbium was not a pure element, and he isolated a new 
element from it by fractional crystallization; the oxide of this element was obtained practic¬ 
ally pure in 1907, and the element was called cassiopeium. Urbain effected the same 
resolution practically simultaneously, and named the element luUlium*. 

When Moseley, in 1913, discovered the phenomena and principles of X-ray spectroscopy, 
it became possible for the first time to determine how many rare earth elements still awaited 
discovery, from the atomic numbers found for the known elements. It emerged that between 
barium (atomic number 56) and tantalum (atomic number 73), there must be a total of 
16 elements. All of these were already known, except the elements of atomic numbers 61 
and 72. Bohr’s atomic theory led to the conclusion that element 72 should not be a metal 
of the rare earth series. Recognition of this feet quickly led to the discovery of element 72 
(hafnium) in zirconium minerals, by von Hevesy and Coster. No reliable evidence has ever 
been advanced for the discovery of the rare earth, element 61, in Nature. With our in¬ 
creasing knowledge of the stability of those nuclear species with mass numbers which might 
correspond to nuclei of element 61, it has become apparent on systematic grounds that all 
nuclei of nuclear charge 61 are almost certainly unstable. It is probable, therefore, that 
element 61 does not occur in significant amount in the earth’s crust, although radioactive 
species of this element (promethium) have been isolated in weighable quantities from the 
products of uranium fission. 

(h) Subilivision of the Rare Earths 

The first few elements of the lanthanide series bear a particularly close re¬ 
semblance to lanthanum, especially in the solubilities of their salts, whereas the 
others (roughly from europium onwards) are more closely related to yttrium. 
The rare earths as a whole thus fall into two subdivisions. One of these is known as 
the cerite earths, after cerium, its technically most important member, whereas the 

• Auer von Welsbach’s name of cassiopeium has been retained in German usage, but 
luUtium has now been accepted as the internationally agreed name for element 71. 
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other is called the ytlrium earths. The yttrium earths, in turn, can be yet further 
subdivided on the basis of the more or less close relationship between the individual 
members. The eventual classification is shown in Table 55. 

TABLE 55 

CLASSIFICATION OF THE RARE EARTHS 


Ccrite earths 



Yttrium earths 



Oxides of ! 

I. Yttrium 

2. Terbium 

3. Erbium 

4. Ytterbium 

5. Scarulium 

Lanthanum 

oxide 

earths 

earths 

earths 

oxide 

Cerium 


Oxides of 

Oxides of 

Oxides of 


Praseodymium 


Europium 

Dysprosium 

Ytterbium 


Neodymium 


Gadolinium 

Holmium 

Lutetium 


(Promethium) 


Terbium 

Erbium 



Samarium 



Thulium 




This older form of subdivision, based essentially on the analytical and prepara¬ 
tive behavior of the rare earth compounds, may be compared with a classification 
introduced by Klemm in 1929, on the basis of the ideas of atomic structure. 

From the standpoint of atomic structure, it is evident, in the first place, that 
scandium, yttrium, and lanthanum constitute a special subdivision (or part of a 
special group, namely Group IIIB of the Periodic System) as compared with the 
rest of the rare earths. The latter also constitute a subdivision on their own, that 
which has been given the name of the lanthanide series in this chapter. This has 
long been customary, and the name expresses the close relationship between the 
lanthanide elements and those that fit into the normal sequence of the Periodic 
Table. Klemm divides the lanthanides further into two sub-groups, on the basis 
of the special place in the series occupied by gadolinium. These two groups 
comprise the elements in the order of their atomic numbers, from cerium to 
gadolinium and from terbium to lutetium, respectively. 

When the variation in properties of the lanthanides or their ions along the series 
is considered from this standpoint, it is found that three types of variation can be 
discerned. 

[i] The properties may show a clear periodicityy in such a way that the trend 
followed in the first sub-group is repeated in the second. 


Thb sort of variation is seen, for example, in the valence properties. As shown by the 
following summary, the valences exhibited in isolable compounds of the second sub-group 
are substantially the same as in the first, except that the tendency to exhibit other valences 
than three is generally more weakly developed in the second sub-group. 


Sub-group I 
Sub-group II 


Valence III, IV 
Element ssCe 

Valence HI, IV 
Element *6^b 


IIi; IV 

III 

».Pr 

•oNd 

III 

III 

•6i>y 

« 7 Ho 


III II,m 

g^Pm gjSm 

III m 

M^r „Tm 


11 , III III 

esEu M^d 

II, III III 
„Yb ,iLu 


The curves I and II in Fig, 56 also show a clear periodicity, as also does the atomic 
volume curve of Fig. 58 when it is compared with the atomic volume curve for the elements 
as a whole (Fig. a, Vol. I). The magnetic susceptibilities, of both ionic compounds of the 
lanthanides and of the metals, are also properties which follow a clearly periodic trend.. 
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[2j It is also possible for the properties of the larthanides to vary in a symmetri- 
cal manner, so as to change with atomic number in the opposite sense, for elements 
standing to the left or to the right of gadolinium, respectively. 

For properties which vary in this manner with atomic number, a particularly close 
similanty js found between elements which are equidistant from the center of the lanthanide 
group, and not between elements which lie one above the other in the sub-groups as written 
above. The change in color of the lanthanide ions-i.e.. the displacement of optical 
absoytion bands—with increasing atomic number is a typical e.xamplc of a property 
which varies symmetrically within the lanthanide series. 


[3] There arc also properties which alter monotonicallv within the lanthanide 
series. Where this is the case, however, the curves which represent the variation in 
any property with atomic number frequently have a distinct break at gadolinium. 

Examples are found in the curves of ionic radii (Fig. 57) and of total ionization energy for 
the trivalent ions (curve III of Fig. 56). The special position of gadolinium shows itself in 
these curves, as it does also in the curves for the heals of solution of the rare earth metals 
in hydrochloric acid, and for the heats of formation of the anhydrous chlorides (Klemm and 
Bommer. 1941). 

The analytical-preparative behavior of the rare earths—i.e., their separability based 
on differences of solubility of their compounds—is based essentially on a single property of 
their ions, namely the ionic radii*, whereas the structure of the atom, in addition to ionic 
radius, determines all the chemical and physical properties. A classification based on atomic 
structure would be expected to furnish a better correlation of the properties of the elements, 
and an understanding of the connection between them, than is possible from the limited 
viewpoint of the older classification. The relation between the older classification and 
Klcmm’s systematics is roughly the same as that between the analytical separation of the 
metals and the classification of the metals as a whole by means of the Periodic System. 
For this very reason, the older form of subdivision has its uses for preparative and practical 
purposes. 


(i) Occurrence 

The mode of occurrence of the rare earths in Nature is determined primarily by the 
same properties as the analytical and preparative subdivision, and by the resulting gra¬ 
dations in the relations of the individual rare earths to one another. (For this reason, the 
older classification is also said to be 'mineralogical’). It is true that all the rare earths are 
invariably associated with one another to a greater or less extent, but there are minerals in 
which the elements of one or other of the analytical-preparative groups greatly pre¬ 
dominate. This is the origin of the old division into cerite earths, which are the main con¬ 
stituents of cerite, and yttrium earths, which occur chiefly in ylUrbiU (gadolinitc), although 
Berzelius (1814) proved that ytterbitc contained subordinate amounts of cerium also. 

The most important minerals in which cerite earths predominate are ceriu itself (a 
hydrated silicate of cerite earths), orthiU (a double silicate of cerite earths, aluminum and 
calcium oxides), and monaztU (a phosphate of cerite earths, containing on the average 5% 
thorium oxide). 

Minerals in which yttrium earths predominate are gadolintU orytUrbiU (a basic silicate, 
which is always black because of its iron content), xenotime (a phosphate of the yttrium 
earths, analogous to monazite), yttrotantalile, samarskiU, and fergusoniU (isomorphous 
mixtures of niobates and tantalates, containing yttrium earths), and euxeniu (containing 
titanic acid, as well as niobic and tantalic acids). 

In addition to the rare earth minerals proper, many minerals contain minor amounts of 
rare earths. These include, in particular, the phosphates, arsenates, vanadates, molybdates, 

* The varying magnitude of their polarizing f>ower, as well as the ionic radii, is of some 
influence. The ease of conversion of cerium to the -f-4 state is utilized in the separation of 
cerium. This important property of cerium finds no expression in the older from of sub- 
di vision of the group. 
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mcl tungstates of calcium, strontium, iron, and lead. In some cases, the relative amounts of 
'the various rare earth elements differ from what is found in the minerals listed previously. 
In many cases, for example, it has been found that the oxides ofSm, Eu, and Gd preponder- 
.it<-, although thcs<- elements are present in very minor amounts in the rare earth minerals 

proper. 


(j) Preparation and Uses 

Monazitc sand is the most usual starting material for the technical preparation 
of the rare earths [2]. After mineral dressing (gravity separation, magnetic 
separation), it contains, on the average, about 5% thorium oxide, 60% of cerite 
earths, and 3-4''o of yttrium earths. It was originally worked up chiefly for its 
thorium content, and the rare earths were obtained only as by-products of the 
iiuuuifacture of thorium oxide or nitrate (cf. p. 81 S€<j.). At the presetit time, the 

rare earths (especially cerium and its compounds) have such extensive industrial 
applications that they now constitute the main products extracted from monazite. 

The rare earths, together with thorium, are usually first precipitated as oxalates 
from acid solution. The thorium can be dissolved out by treating the precipitate 
with a warm saturated solution of ammonium oxalate. The remaining insoluble 
oxalates of the rare earths are generally then ignited to the oxides, which are 
dissolved in acid and converted (by addition of appropriate salts) into suitable 
doiilde salts (c.g., ammonium double nitrates, magnesium double nitrates). Until 
recently, in so far as it was necessary to effect any separation of the rare earths 
from one another, this was carried out almost exclusively by fractional crystalli¬ 
zation. 


Oriurn can he relatively easily separated from the other rare earths, by taking advantage 
of the very different properties of ccrium(IV) compounds*. The preparation of other rare 
earth elements in a state of purity, by the methods of fractional precipitation or frac¬ 
tional crystallization is very difficult and tedious. Other methods of separation have 
been proposed in recent years. Solvent extraction methods, making use of the differen¬ 
ces in partition coefficient of certain compounds between two immiscible solvents, 
was proposed by Fischer (1937). Europium (and less satisfactorily, ytterbium) can be 
relatively rapidly separated from other rare earths by cathodic reduction in the pre¬ 
sence of sulfate ions (Brukl, 1936). Europium(II) sulfate is thereby precipitated as an 
insoluble compound. If europium is present in the solution only in low concentration, the 
solubility product of EuSO, may not be attained; precipitation can then be achieved by 
the addition of SrCI, during the electrolytic reduction. The SrSO^ which is precipitated 
then incorporates EuSO« by mixed crystal formation. When the precipitate is ignited, 
KiijOj is formed, and the europium can readily be extracted as chloride. It is necessary to 
repeat the electrolytic reduction without the addition of SrCl,, since SrS04 appears able 
to take up small amounts of other rare earth(III) sulfates in solid solution. If europium 
is present in fairly high concentration (e.g., in suitable tail fractions from a fractional 
crystallization of the magnesium double nitrates), reduction of europium(III) to euro- 
pium(II) can be carried out with amalgamated zinc in a Jones reductor, and the hydrated 
chloride, EuCl, • 2H,0, can be precipitated by adding an excess of concentrated hydro¬ 
chloric acid (McCoy, 1939). 

The more readily reducible lanthanide elements can be concentrated from mixtures by 
forming their amalgams, according to a method first introduced by Marsh (1942). This is 
based on the close analogy between the lanthanides, in their bivalent state, and the alkaline 
earth metals. When a Ba or Sr salt solution is treated with sodium amalgam, the alkaline 
earth is partially dbplaced by sodium. Barium or strontium amalgam is formed, and a 
displacement equilibrium is established—e.g., 2Na(Hg) -f- Sr++ Sr(Hg) -{- 2Na+. In the 

• Conditions of formation of cerium(IV) compounds must be carefully controlled, 
however, if this separation is to be almost quantitative. 
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same way, when a solution of mixed rare earth acetates, acidified with acetic acid, is sliaki n 
with o.3®o sodium amalgam, the reducible rare earths (samarium, europium and — in 
mixtures of the heavier lanthanides—ytterbium) are rapidly collected in ilu amalgam 
phase, practically free from the other lanthanide elements. 

Another recently introduced method for achieving a fairly rapid and complete separation 
of the lanthanide elements makes use of the formation of complex ions in solution, with such 
powerful complex forming reagents as cthylenediaminetetracetic acid, (HO • CO • CHjtj 
N • CHj • CHj • N(CHjCOOH)j (‘enta-acid’ or ‘versene’). This tetrabasic acid is a power¬ 
ful complexing agent. It acts as a ‘sexadentate’ group—i.e., it occupies six coordination 
positions around a metallic ion—and forms anionic complexes with almost all bivalent and 
trivalent metals—e.g., H2[CuY), H2[Ca\), where Y represents the anion of fully ionized 
‘enta-acid', H^Y. The equilibrium constants for the formation of these complexes vary from 
one element to another. The trivalent lanthanide elements behave similarly, and in a 
solution there will be two completing equilibria: 

fY‘-l fu-^l^ 

H,Y ^ 4H^ + Y*-; = A'a 

and M- + Y- ^ MY-; = /T., 

The values of the equilibrium constant K^y spread over a much wider range than is usual 
for the properties of the lanthanide elements: 

La Ce Nd Sm Gd Dy Er Yb (Y) 
logioAMY * 4-7 « 5-4 i6-6 16.7 17.6 18.0 18.7 17.4 

The extent to which the various lanthanide elements, in a mixture, are complexed by 
‘enta-acid’ will therefore differ markedly even for successive lanthanides. In addition, the 
equilibria will be shifted markedly by changes in [H+] concentration. It is therefore 
possible so to control conditions that the lanthanides are successively liberated from their 
complexes, and made accessible to other reagents. The ‘enta-acid* complexes can also be 
separated by crystallization (Marsh, 1950, Vickery, 1951, Schwarzenbach and Spedding, 

« 953 )- 

Probably the most powerful method now available for the separation and purification of 
the lanthanide elements is the chromatographic process, using columns of cation-exchange 
resins such as Amberlite IR-ioo or Dowex 50, or their equivalents. As has been mentioned 
earlier (Vol. I, p. 59), these cation-exchange resins consists of polymerized organic com¬ 
pounds bearing phenolic, sulfonic, or carboxylix acid groups. The hydrogen atoms of these 
groups are'replaceable by other cations, which are mutually replaceable, and when a 
solution is brought in contact with such a resin, an equilibrium is established between 
cations in the solution and cations adsorbed on the resin. E.g., n HR-f- M"*’ ^ MR„ 

(where HR represents the resin in its ‘acid form’, and M’*'*’ is an n-valent cation). In any 
system, the position of equilibrium depends upon the activities of the competing cations, 
H+ and in both the solution and resin phases, and on the affinity of the ions for the 

resin. In general, the latter increases with the charge on the cation. It also depends on the 
ionic radius, and alters systematically along the series of trivalent lanthanide cations. 
Hence a mixture of lanthanide ions is subject to a selective adsorption on a cation exchange 
column. The selective effect is greatly magnified by eluting the adsorbed cations from the 
resin again, by a suitable reagent, so that they pass progressively down the resin column. 
A fresh equilibrium is set up between resin phase and solution as the front passes down the 
column, so that the column is equivalent to a great number of stages of fractional adsorp¬ 
tion. The least firmly bound cation is therefore eluted first, and then the others in systematic 
order. Under appropriate conditions a substantial proportion of each lanthanide may be 
obtained in the pure state, before the next element to be eluted appears in the solution in 
appreciable concentration. 

The selectivity exhibited by the adsorption of lanthanide ions on a cation exchange resin 
may be combined with the variations in the stability of complex ions formed in the solution. 
This enables the activity of the lanthanide cations in the solution to be controlled arsuch 
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differing values that the differentiation between successive members of the lanthanide 
scries is very greatly enhanced. Spedding (1947 and later) has shown that it is possible by 
this means to prepare the lighter lanthanide elements (cerite earths) in a pure state, and on a 
kilogram scale, in a single operation from monazite residues. The resin is first brought into 
the hydrogen form or sodium form, and the lanthanide cations are completely adsorbed on 
the top of the column, from chloride solutions. They arc then eluted with a citric-acid- 
ainmonium citrate solution (o.i to «tccording to conditions), and at pH 3 7( de¬ 

pending on the dilution of the citrate. The heavier and more strongly complexed lanthanides 
arc eluted first. In citrate solutions, the lanthanide ions form complexes, e.g.t 

+ 3 Citr^- + 6H+ [M(H,Citr)3]. 

Hence the activity of the M’* ion is controlled by the citrate concentration, hydrogen ion 
concentration, and the equilibrium constant for complex formation, which varies along the 

series. 

By taking advantage of the much wider range of variation of the ‘enta-acid complex 
equilibrium constants, it is possible to effect a more or less selective adsorption of the less 
strongly complexed cations. This brings about a very rapid, but not quite complete re¬ 
solution of a complex mixture [Wheelwright and Spedding, J. Amer. Chem. Soc., 75 (1953) 

25:29, sec Spedding, Dwc. farfliAy'(Joe., 7 {1949) 214]- 

The ion exchange method is particularly suitable for the final purification of lanthanide 
preparations. It has been found that material prepared by the traditional methods of 
fractionation, and believed to be pure, generally contains small amounts of the neighboring 
lanthanide elements which cannot readily be removed by any other method than a final 
treatment on a cation exchange column. 

The gas mantle industry requires pure cerium oxide, or ceria which is free, at 
least, from colored oxides. For many other technical purposes, however, it suffices 
to obtain mixtures of the rare earths, in the proportions in which they occur in 
monazite. Preparations made from such mixtures are known as ‘cerite compounds’. 
A mixture of the oxides is used for the dccolorization of glass. The nitrates, mixed 
with magnesium powder, are used in flash powders, and the fluorides are used for 
spot light and searchlight arc carbons. Carbon rods impregnated with rare earth 
fluorides give a particularly brilliant and pure white light. Motion picture arc 
lamp carbons may have up to 60% of cerite fluorides in their cores. The oxalates 
are used for pharmaceutical purposes (peremesin). A mixture of the metals them¬ 
selves, ‘cerium mischmetall’ (efl made by electrolysis of the molten chlorides, 
p. 485) is used as an alloying component or as a deoxidant for light metal alloys. 
Cerium-iron is used as a pyrophoric alloy in gas lighters, cigarette lighters, tracer 
ammunition, etc. 

Pure compounds of cerium, praseodymium, and neodymium are used in 
coloring glass and enamels, and as underglaze colors for porcelain. Cerium com¬ 
pounds are used as carotting agents for hair in the felt hat industry, and as 
analytical reagents (cf. p. 499). The visual colors of praseodymium and neodymium 
are closely complementary, and mixtures of praseodymium and neodymium 
oxides are used (‘didymium oxide’) in the manufacture of Crookes’ glass. 


2. Most Important Compounds of the Rare Earths [ 4 ] 

This brief survey of the most important compounds of the rare earths follows the 
older, ‘mineralogical’ classification, as being most convenient for a first study of 
the group. The relationships underlying Klemm’s systematic classification have 
already been deajt with in the general section of the chapter. 
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(a) Gerite Earths 

((•) Lanthanum, the first element of the cerite group, has already been discussed. 
Cerium is the most important member of the group technicalK . 'Die remaining 

elements (praseodymium, neodymium,andsamarium) form colored irivalcnt ions" 
with characteristic absorption spectra. 

(ii) Praseodymium received its name from the green color of its salts (Ok Tipaoiio- 
Icek green). Neodymium salts are violet-red. the oxide is light blue. Salts of samarium are 
topaz yellow. Samarium imparts a rose-pink color to the electric arc. Praseodymium and 
samarium are among the elements which can form compounds from other than the tri- 
valent state. 

When praseodymium salts of volatile acids are ignited in air, a black-brown oxide with 
the composition Pr, 0 ,i is formed. I'his can be converted to the black dioxide. PrOj. by 
fusing it with sodium chlorate, or by heating it in nitrogen dioxide, or in oxygen at high 
pressure; if it U heated in hydrogen, the yellow sesquioxide, Pr^Oa, is obtained. The dioxide 
crystallizes with the fluorite structure {a = 5.36 A). The oxide PcgO,, has a very similar 
cubic crystal structure (a = 5.53 \). These higher oxides undergo reduction when they arc 
treated with acids, a salt of trivalcni praseodymium being formed, and oxygen being 
evolved. 

Prandtl (1938) reported that when a mixture of Pr^Oj and YjOj was heated in oxygen 
under pressure, the uptake of oxygen was considerably greater than corresponded to the 
formation of PrO,. This would imply that praseodymium can be oxidized up to a valence 
state still higher than the quadrivalent state. In some experiments, Prandtl observed an 
oxygen uptake of up to of that needed to oxidize Pr^O, to Pr^Oj, and he attributed the 
function of yltria in promoting the uptake of oxygen as probably being due to salt for¬ 
mation, to give YPr04( = YjO, • PrjOj). Prandtl’s observations have not been confirmed by 
other workers, however (e.g., Marsh, 1945). 

Anhydrous samarium trichloride, SmCI,, is reduced to the red-brown dichloride, SmClj. 
when it is heated in hydrogen. The dichloride reacts immediately with water; hydrogen is 
liberated, and samarium reverts to the trivalent state. The diiodide is also known. 

(b) Cerium Compounds 

Compounds of trivalent cerium are exactly similar to those of the other elements 
of the rare earth group, especially those of lanthanum. They resemble the latter in 
being colorless. The salts arc stable in air, but cerium(III) oxide hydrate hasa 
powerful tendency to undergo oxidation. It rapidly turns deep violet in air, and is 
ultimately converted to yellow cerium(IV) oxide hydrate. 

Salts of +4 cerium arc mostly rather unstable, unlike those of cerium(III). 
They are also rather extensively hydrolyzed in solution, so that basic salts are often 
precipitated when the solutions are diluted. Most ccrium(IV) salts are also easily 
reduced to cerium(III) salts. Complex salts are often more stable than the simple 
cerium(IV) salts—especially the nitrato salts, M'j[Ce(N05)«], which have excellent 
crystallizing properties. The most stable simple cerium(IV) salt in solution is the 
sulfate. The chloride is known only in the form of the deep red solution of the com¬ 
plex acid, HjfCeCle], and as the salts of this acid. It readily reverts to the colorless 
cerium(in) chloride, with evolution of chlorine. 

The oxidation potential CC+++ -»• Ce+'*-+'*- is —1.61 volts (relative to the normal hydrogen 
electrode) under the standard conditions given in Table 103, p. 765, Vol. I. Cerium(IV) 
salts are thus even stronger oxidants than gold(in) salts (cf. p. 412) and are thus reduced 
even by weak reducing agents—e.g., by iron(II) salts in acid solution, or by hydrogen 
peroxide. 

(t) Oxides and Oxide Hydrates. Cerium dioxide, CcO„ is formed by igniting the cerium salts 
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of volatilr acids in air, or by burning the metal. It is an almost white powder with a weak 
yellowish tint, and turns lemon yellow when it is heated. It crystallizes with the fluorite 
structure (rt = 5.40 A): its density is 7.2. Ignited cerium dioxide is completely insoluble in 
hydrochloric acid and nitric acid. Very concentrated sulfuric acid converts it to cenum(iy) 
sulfate, whereas sulfuric acid of lower concentration reacts to bring about partial reduction 
and evolution of oxygen. In the presence of reducing agents, cerium dioxide ^so dissolves 
in the other acids mentioned. Cerium dioxide is converted into a dark blue intermediate 
oxide, of the composition Ce^O,, when it is not too strongly ignited in hydrogen (c.g., at 
750 Cc|Oj is rrconverted to the dioxide when it is heated in air. Like the intermediate 
oxide of praseodymium. Ce, 0 , is cubic, with a pseudo-fluorite ‘defective’ structure. 
Cariuridl V) oxide hydrate is precipitated from solutions of cerium(IV) salts, by ammonia 
or caustic alkalis, as a yellowish slimy precipitate. The same reagents precipitate ccriurn(lll) 
hydroxide (or oxide hydrate) from cerium(III) salt solutions, but this is rapidly oxidized 
in air, whereby deep violet oxides are formed as intermediate products. If the solution of a 
ccriurn(IIl) salt is treated with hydrogen peroxide and ammonia, an intensely red-brown 
cerium pftoxxdt hydraU is formed as a slimy precipitate. This reaction makes po^iblc the de¬ 
tection of very small quantities of cerium, from the yellow coloration of the solution obtained 
on addition of hydrogen peroxide. 

CcOj combines with NajO, forming a double oxide Na,CcO, with the rock salt structure, 
having the cations statistically distributed (cf. p. 273). This double oxide has been obtained 
by heating CcO, directly with Na ,0 (ZintI and Morawietz, 1940), or with NaOH (D’Aps, 
1930). ZintI obtained the corresponding oxide of praseodymium, NajPrOj, by heating 
Pr, 0 , with Na ,0 in oxygen. 

(ii) Chlorides. Ceriumilll) chloride, CcClj, is obtained in the anhydrous slate as a crystalline 
deliquescent mass by heating the oxide in a stream of chlorine or hydrogen chloride. It is 
very soluble in water and alcohol. Hydrates crystallize from the aqueous solution, and these 
furnish cerium oxychloride when they are heated in air. Cerium(III) chloride can form 
complex salts with the chlorides of organic bases, of the type M'(CcCl4]. Double or complex 
chloro salts of tetrapositive cerium are also known—c.g., (C6HjNH],[CcCI,] (pyridinium 
hcxachlorocerate(IV)), a yellow crystalline substance. 

The action of elementary fluorine on anhydrous CeCl, or CcjSs yields cenum telra- 
jluoride, CeF*. This is a colorless substance (rf = 4.77), insoluble in water. It loses no fluorine 
when it is heated to 400” in a vacuum, but is reduced to CcF, (m.p. 1460®) by hydrogen at 
300'’. 

(lii) Nitrous. Cerium{IlJ) nitraU, Ce(N03), • 6 H, 0 , crystallizes as a colorless, deliquescent 
mass from solutions—c.g., of cerium carbonate in nitric acid. It is freely soluble in water and 
alcohol. It forms very well crystallized double salts with ammonium nitrate, magnesium 
nitrate, and the nitrates of other bivalent metals. Cerium{IV) nitraU, apart from its complex 
salts, is known only as the basic nitrate, Cc(OH){NO,)8 • 3H,0. This is obtained in red 
crystals by dissolving ccrium(I V) oxide hydrate in concentrated nitric acid, and evaporating 
the solution. Its aqueous solution is yellow, and acid as a result of hydrol>^is. A freshly 
prepared solution turns red when nitric acid is added; addition of alkali nitrate has the 
same effect. Bright red anhydrous nitrato salts, of the t^c M‘,[Ce(NOj),] crystallize from 
solutions containing alkali nitrates. Nitrato salts of similar type, but crystallizing with 
8HjO, arc formed with bivalent metals. Ammonium nitraloceraU{IV), (NH4)j[Cc(NOj),], 
which is very soluble in water but relatively sparingly soluble in nitric acid, is used to effect 
a relatively simple separation of cerium from admixed rare earths, the ammonium double 
nitrates of which are considerably more soluble in nitric acid. 

{iv) SulfaUs. Ceriumilll) sulfate, Cc8(S04)3, obtained by fuming down the nitrate or 
oxalate with sulfuric acid, forms a white hygroscopic powder when it is anhydrous. Like 
other anhydrous rare earth sulfates, it dissolves freely in water at o®, to give a solution 
which is highly supersaturated with respect to the dodecahydrate, the stable solid phase at 
this temperature. There are several other hydrates, as well as the 12-hydrate. These furnish 
the anhydrous salt when they are heated to 400-450°, but decomposition begins if they are 
heated above 500°, and the pure dioxide is ultimately obtained by heating to a white heat. 
Cerium(III) sulfate forms complex salts with the alkali sulfates—e.g., K[Cc(S04) J • HjO, 

• Cerium(IlI)* oxide, 06,03, obtained if CeO* is heated to 1250° in hydrogen. 
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a colorless, sparingly soluble cr>-stallinc powder (oilier complex sails, such as KaCe,(SO,),]- 
8HjO and K5[Ce(S04)^] are formed ai th«' same lime). The ammonium complex sulfates, 
(NH|)[Ce(S04),] and (NHj)5[Ce(.S04)4] (or (NH^)^[Cc2{S04)7]?) are more soluble than 
the potassium compounds. The ammonium disulfato salt usually separates as the unstable 
tetrahydrate, but the monohydrate and anhydrous salt are the stable phases in contact 
with the solution (Schroder, 1938). 

Cmum{IV) sidfate, Ce(S04)2. is obtained anhydrous, as a deep yellow crystalline powder, 
insoluble in concentrated sulfuric acid, by heating cerium dioxide with concentrated sulfuric 
acid. It dissolves readily in water, giving a brownish yellow solution, from which the 12- 
hydrate crystallizes below 3°, the 8-hydrate between 3" and 42.5'. and the 4-hydrate above 
42.5^ Hydrolysis occurs if the solution is greatly diluted, and leads to the precipitation of 
sparingly soluble basic salts. Fairly stable sols of these can be prepared under suitable 
conditions (Janek. 1933). A freshly prepared solution of ccrium(IV) sulfate turns deep red 
on the addition of sulfuric acid. Jones (1935) showed by transport number measurements 
that this color change was due to the formation of complex acids. Complex sulfates (sul/alo^ 
ctTaU{IV) salts) can be crystallized from solutions containing alkali sulfates—e.g., 
K4[Ce(S04}4] • 2H2O, very sparingly soluble, orange yellow monoclinic crystals, 
(NH4)j[Ce(S04)5] • 2 HjO, orange monoclinic crystals. 

Cerium(IV) su fate is a valuable reagent for oxidimctric titrations (Furman. 1928 and 
later, Willard, 1928 and later), and is now widely used in analytical work. It is also often 
used as an oxidant in preparative organic chemistry. 

(») Cerium carbonate. Only the carbonate of +3 cerium is known. It is formed as a micro- 
crystalline precipitate, with the composition Ce2(C03)3 • sHjO, when ammonium carbo¬ 
nate is added to a cerium{III) salt solution. With excess of ammonium carbonate a complex 
salt, NH4[Ce(C03)j] • 3H,0, is obtained. Similar salts arc formed with sodium and 
potassium carbonates. 

(vi) Cerium oxalate. Cerium forms an oxalate from the trivalent state only. Oxalic acid at 
once reduces -f 4 cerium. Cerium(III) oxalate, Ce3(C,04)3 • loHjO forms as a while 
crystalline precipitate when oxalic acid is added to a solution of a cerium salt. As is typical 
of rare earth oxalates, it is not merely practically insoluble in water, but dissolves only to a 
very slight extent in dilute strong acids. 0.041 mg of the anhydrous oxalate dissolves in 
100 cc of water at 25°, or 164 mg in too cc of i-normal sulfuric acid at 20“. In general, the 
solubility of the rare earth oxalates in water increases as the basic strength of the oxides 
diminishes. Scandium oxalate is thus the most soluble in water. The solubility in acids, 
however, increases in the opposite direction, and is greatest for lanthanum oxalate. 

{vii) Cerium sulfide, CegSg, is obtained by strongly heating the anhydrous chloride or 
sulfate in hydrogen sulfide. It is a black-violet powder (d = 5.10). If the temperature during 
the preparation is lower, a compound richer in sulfur is obtained, CejS4 (dark brown 
powder). As its chemical properties and magnetic susceptibility show*, this is to be regarded 
as resulting from a polysulfide-like addition of sulfur to Ce^Sg, and is derived from trivalent 
cerium. It is therefore not the sulfide analogue of CcOj. At about 720®, Ce^S,, loses sulfur 
and forms CcgSit. A similar polysulfide, La|S4 (golden-brown powder), is formed also by 
lanthanum, which cannot undergo any change of valence. 

(c) Yttria Earths 

Yttrium itself is by far the most abundant of the elements of the yttria earth 
group—usually present in rare earth minerak. 

The amount of yttrium oxide, in atom per cent, is about three times as great as 
the combined total for terbium, erbium, and ytterbium earths together. Scandium, 
which forms the most weakly basic of the rare earth oxides, provides a transition 
from the rare earths to alumina. It has already been considered (Chapter 2). 

* Since the Ce*'*' ion has the xenon configuration, an ionic cerium(IV) compound ought 
to be diamagnetic, as is the case for CeOj. CejS4 is almost as strongly paramagnetic as 
Ce,S, (Klemm, 1930), and has practically the same molecular susceptibility as typical 

Ce(III) salts, such as Cej(S04)s. 
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riu- ionic radius of yttrium is such that its propertitrs bring it into the middle of the 
vttria earth group. All the compounds of the terbium, erbium and ytterbium earths are so 
closely relat<-H to those of yttrium that only a brief survey is necessary to make their 
cliarat teristirs clear. 

(11 Terbium EarOis. 'I his group comprises europium, gadolinium, and terbium. Noneof 
these <•!< nients give very characteristic absorption spectra, but their arc spectra are highly 
( hararteristit. Gadolinium imparts a carmine red, and terbium a yellowish white color to 
tlie carbon arc. Europium gives a fine red coloration even to the Bunsen flame. 

.Salts of europium are pale pink. Their solutions show only a few, rather weak absorption 
hands. Gadolinium and terbium salts are colorless*. Terbium forms a dark brown higher 
oxid«'. which corresponds in composition approximately to the formula Tb40j. This has a 
similar crystal structure to Pr^O,,. and Ce40, (defective fluorite structure, with a = 5.28 A). 
It is obtained when the terbium salts of volatile acids arc ignited in air. The intense color 
of this oxide makes it possible to detect the presence of small amounts of terbium in the 
other fixities of the group. I bgOj is white, as is GdjOj, whereas EujOj is a very pale pink. 

1 1)407 can be oxidized further, approximately to Tb* 0 ,,, by heating it in oxygen under 
pres.sure. Prandil (1938) found that more oxygen was taken up if YjOj were also present, 
and the maximum uptake corresponded approximately with the formation of TbO*. 
Prandtl condudetl that terbium differed from praseodymium in that its maximum valence 
state could not exceed four (but see above, under praseodymium). The higher oxide of 
terbium is. in any case, much less stable than the higher oxide of praseodymium as is evident 
from the much greater ease with which it is reduced by hydrogen to the sesquioxide. 

Euro[)ium is the rarest of the rare earth elements, except for the unstable element 61 
(Promethium). It is about 500 times rarer than yttrium, and 150 times rarer than cerium. 

I'hc chloride EuCI, can be reduced to the colorless dichloridc EuCI^ by heating it in 
hydrogen (cf. samarium dichloride). It is more stable than SmCIf. and is oxidized by water 
only when it is heated. It is readily soluble in water, and crystallizes as the dihydrate, 
EuClj • ‘zHjO. It can be obtained in solution by direct reduction of the trichloride with zinc 
and hydrochloric acid. 

EuClj is isotypic with PbCI,, whereas EuF, (obtained like EuCl,, or by heating EUSO4 
with concentrated NaF solution) has the fluorite structure (a = 5.796 A). EuBr,and Eul, 
have also been prepared (Klemm, 1938), as has EuS (Nowacki, 1938). The latter, which 
is formed when Eu,(SO|), is heated in a stream of HjS, has the NaCI structure (a = 
5.957 .A). EuSe and EuTe have the same structure. EUSO4, which is readily prepared by 
electrolytic reduction of europium(III) sulfate solutions, is sparingly soluble, and is 
isomorphous with Sr.SO* and BaSO,. 

Anhydrous EuCl, adds on ammonia, forming the octammine EuCI, • 8NH,, as does 
SrClj, and europium(II) compounds in general show a close resemblance to those of stron¬ 
tium. This is the consequence of the small difference in ionic radius between the Eu*'*' and 
the Sr*^ ions. 

(it) Erbium Earths. Dysprosium, holmium, erbium, and thulium make up this sub-group. 
.All these elements form colored ions, with characteristic absorption spectra (Table 50). 
•Solutions of dysprosium salts are yellow to greenish yellow, holmium salts brownish yellow, 
erbium salts an intense pink, and thulium salts green. The ultraviolet absorption spectrum 
of dysprosium is more characteristic than the visible spectrum, and there are also two 
strong bands in the near infrared (at 810 m/4 and 912 m/i). Dysprosium and holmium, 
in the form of their compounds, are the most strongly paramagnetic of the rare earths. 
Holmium received its name from Stockholm, and thulium from Thule, the old name for 
Scandinavia. 

(Hi) Ytterbium Earths. Ytterbium and lutetium oxides, which comprise this sub-group, 
arc colorless, as are the salts. Their arc spectra are characteristic however, and ytterbium 
salt solutions show absorption in the near infrared. Ytterbium gives a green color, and 
lutetium a blue-green color in the electric arc. The ytterbium earths were separated from 
the other rare earths by Marignac in 1878, by taking advantage'of their very weakly basic 
character as displayed in the fractional decomposition of the nitrates on heating. Auer 
von \Nelsbach in 1905 deduced from observations on the arc spiectra that Marignac’s 

* Gadolinium salt solutions have an ultraviolet absorption band at 272.9 m/z. 
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old ytterbium should be capable of resolution, and in 1907 he succeeded in separating 
ytterbium and lutetium by a ver>- long series of fractional crystallizations of the ammo¬ 
nium double oxalates. Urbain effected the resolution at about the same time, by fractional 
crystallization of the bromates. 

Klemm (1929) showed that YbCl^ could be easily reduced to YbCl, by heating it in 
hydrogen |o 550'. YbBr^ and Ybl, were later prepared by Janisch (1931 1, Ybl, has the 
cadmium iodide structure = 4.48. c = 6.96 A). The chalcogenides are far less readily 
reduced to ytterbium(II) compounds than are the halides. Yb^Oj cannot be reduced at 
all. and Yb^S, only incompletely. Yb.Se, and Yb,Tc„ however, ^re completely reduced bv 
heating them in hydrogen, giving YbSc and YbTe, respectively (Klemm. 1939). These 
compounds have sodium chloride-type cr>'stal structures, almost identical in cell dimen- 
sions with CaSe and CaTe, respectively (YbSe. a = 5.867 A; YbTe, a = 6.340 \l 'I'hc 
Yb*+ ion IS thus almost identical in radius with the Ca*^ ion (1.06 A, cf. Yb^' radius 

1.00 A). 


3. Analytical (Rare Earths) {4] 

The characteristic reaction of the whole group is the relative insolubilit\’ of their 
oxalates in acids. The presence of rare earths can therefore be delected in the course 
of the systematic separation of the cations, by adding oxalic acid to the hydro¬ 
chloric acid solution (w’hich should not be too strongly acidic), after precipitation 
of the hydrogen sulfide group. 

Those rare earths which form colored salts can often be identified by observation of the 
absorption spectra of solutions. It has to be borne in mind that the position of the absorp¬ 
tion bands may be modified by interaction with other substances present in the solution, 
even when these latter are themselves colorless. The absorption spectra of praseodymium, 
and erbium arc particularly characteristic, with sharp, intense bands. With suitable pre¬ 
cautions. it is possible to determine Pr, Nd, Sm. Eu. Gd, Dy, Ho. Er. Tm, and Yb quan¬ 
titatively, by measuring the extinction coefficient of the strongest bands (cf. Rodden. J. Res. 
Nat. Bur. Standards, 28 (1942) 265). The emission spectra of the rare earths (arc and spark 
spectra) are extraordinarily rich in lines. In such cases, it is best to identify the elements 
present by means of their ‘raies ultimes’—that is, the last lines to disappear as the concen¬ 
tration of the element in question is continuously diminished. Emission spectroscopy is 
therefore useful in the last stages of purification. The simplest and least uncertain means of 
identification, proof of purity, and quantitative analysis of rare earth preparations is often 
afforded by X-ray spectroscopy. However, the lower limit of detection of any rare earth 
element by X-ray spectroscopy is usually about 0.1 ®o, although a greater sensitivity can 
sometimes be reached. 

As mentioned on p. 498, cerium may be detected by means of its reaction with hydrogen 
peroxide. 
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CHAPTER 11 


RADIOACTIVITY AND ISOTOPY 

I. General 

(a) Definition of Radioactivity 

Radioactive elements are those which possess the property of continuously and 
spontaneously emitting energy (i.e., without excitation by any external means). 
The rays emitted by radioactive preparations commonly have the property of 
penetrating materials which are opaque to ordinary light (such as black opaque 
paper or metal foils), of ionizing air and thereby discharging electrified objects, and 
of blackening photographic plates. In many cases (as, for example, the rays from 
radium) they can excite the emission of light from ceruin luminescent materials. 
Radioactivity {t-y\ is an atomic property—i.e., the kind and the intensity of the 
radiation emitted by any radioactive element is absolutely the same whether the 
element is present as such, or as any one of its compounds. 

(b) Discovery of Radioactivity 

Shortly after Rontgen’s discovery of X-rays in 1895, it occurred to Bccquercl that 
since an X-ray tube glows with ordinary fluorescent light at the same time as it 
emits Rontgen rays, it might be worth determining whether fluorescent substances 
inherently possessed the property of emitting radiation which, like the X-rays, 
could penetrate opaque materials. He tested various fluorescent substances to this 
end, including, among others, salts of uranium. He found that these last did, indeed, 
have the property of fogging a photographic plate through a wrapping of black, 
opaque paper. The other fluorescent substances examined by Becquerel did not 
show this property, but in the case of uranium the effect was exhibited not only 
by the fluorescent uranyl salts, but also by the non-fluorescent uranates. It was 
ultimately established not only that all uranium compounds, and the metal itself, 
emitted a peculiar penetrating radiation, but also that (unlike the phenomena of 
fluorescence and phosphorescence) the effect was completely independent of any 
previous illumination, or previous treatment of the preparations. Becquerel also 
observed that the radiation rendered the air electrically conducting, and dis¬ 
charged electrified objects—a property which has since proved of great importance 
in the measurement of radioactive phenomena. It was particularly striking that 
Becquerel’s radioactive radiations^ as they were later termed, appeared to be emitted 
with unchanging intensity over long periods of time. This was at first difficult to 
reconcile with the law of the conservation of energy, but later found its explanation 
(and, at the same time, its restrictions) in the disintegration hypothesis put forward 
by Rutherford and Soddy in 1903. 
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The search for other elements \vith the same radioactive properties of as uranium 
soon led to the discovery of the radioactivity of th«rium bv St luiiidt aiul, almost 
simultaneously, by Mme. Curie (1898;. In the same year. Pierre and Mme. Cairic 

discovered two new elements, polonium and rmlium. whicli were far more inteiisels’ 

/ 

radioactive than uranium. 


As has been mentioned previously ^\■ol. I. p. 2441. .\Ime Curie investigated uranium 
minerals for their radioactive properties (using the ionization of air by the radiations as a 
measure of activity), and observed that whereas the activity of ariihciaily prepared uranium 
compounds was proportional to their uranium content, the uranium minerals generally 
displayed a considerably higher activity than would be expected on this basis. Pitchblende 
from Joachimsthal, for example, was three limes as radioactive as metallic uranium. From 
the proportionality between radioactivity and uranium content of pure uranium com¬ 
pounds, irrespective of their chemical nature. Mme. Curie inferred that radioactivity was 
an atomic property. If this be so, the greater activity of naturally occurring uranium com¬ 
pounds could be explained only by the hypothesis that they contained at least one element 
which was more strongly radioactive than uranium. Mme. Curie and her husband, with 
the assistance of B^monl, at once undertook a chemical analysis of pitchblende, in which 
they traced the course followed by the radioactive constituents by measuring their ionizing 
power. Uranium is precipitated in the ammonium sulfide group, but they found that a 
strongly radioactive substance revealed its presence in the precipitate obtained with hy¬ 
drogen sulfide in acid medium. The radioactivity accompanied bismuth in the subsequent 
course of the analysis. Bismuth itself is not radioactive, however; hence the activity must 
have been due to a new element resemblit.g bismuth in properties. This element was named 
polonium by Mme. Curie, after her native land. In the further course of the separation, a 
second active clement was found to follow barium closely, and this received the name of 
radium from its very Intense emission of radioactive rays. 

Attempts to isolate radium were soon begun, but were very difficult because radium is 
present in uranium ores only in very minute amounts. Joachimsthal pitchblende is rela¬ 
tively rich in radium, but even so contains only 1 mg radium in 5 kg of ore. However, the 
Austrian government presented Mme. Curie with two truck loads of pitchblende residues, 
practically without charge. From this, as a result of laborious work, she succeeded in 
preparing too mg of a pure radium salt (radium bromide). 


Very shortly after the discovery of polonium and radium, Debierne (1899) 
found yet another radioactive element in pitchblende residues—actinium (axTivoei? 
giving out rays). In the analytical separation, this was precipitated along with 
iron and the rare earths. The actinium content of pitchblende is much smaller 
even than its radium content, and it did not prove possible until very recently to 
isolate weighable amounts of actinium compounds. 


(c) General Properties of Radioactive Radiations 

The penetrating radiation emitted by radium and other radioactive substances 
reveals itself principally by three effects—[i] its luminescent effects, in exciting 
luminescence in certain materials (e.g., Sidot’s blende) at ordinary temperature; 
[ii] its ionizing properties ; and [iii] its action on the photographic plate. 

After development, a photographic plate is found to be blackened at the places 
exposed to the radioactive rays. A few milligrams of a radium salt can produce 
blackening in their immediate neighborhood within a minute. The ionizing proper¬ 
ty of radium is far more intense, and mg of radium wiU discharge an electro¬ 
scope almost instantaneously. 

Luminescent effects of the radiations can generally be seen only in the dark, 
with a rested eye. The more concentrated the activity, the stronger are the effects. 
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Crystalline radium compounds themselves show a pronounced blue luminescence, 
under the action of their own radiations. Pure fused radium chloride or bromide is 
so strongly luminescent that the effect is noticeable in full daylight. Radium 
preparations containing barium luminesce even more brightly than pure radium 
preparations. 

More detailed investigation showed that radium preparations emitted three 
kinds of rays, though it may be remarked that these are not all directly emitted by 
radium itself. 

(i| The first type, the a-rays, has only a low penetrating power (e.g., 3 to 7 
cm of air), and can be deflected to a small extent by a magnetic or electric field. 
I he direction r)f deflection indicates that they are positively charged. They thus 
show some analogy to the canal rays or positive rays which can be produced in a 
discharge lube, which were discovered by Goldstein (1886) and extensively 
investigated by J. J. Thomson. Like the canal rays, they consist of massive particles 
moving with high velocities and bearing a positive charge. The velocities of a-rays 
are much higher than for canal rays (half or more of the velocity of light), and 
their ratio of charge to mass (in fundamental units) is always constant, — 

As has since been proved, the a-particles are doubly charged helium atoms— i.c., 
helium atoms which have lost both their electrons, or bare fulium nuclei. 

[ii| The second type of rays, called fi-rays^ is much more penetrating than the 
a-rays, and is relatively strongly deflected by magnetic or electric fields in a 
direction which proves the rays to be negatively charged*. They correspond in 
every way to the cathode rays, but have much higher velocities (i.e., higher 
energies). They are electrons moving with high velocities (up to 0.998 of the 
velocity of light, in the case of/ 3 -rays from radium-C). 

(iiij The third type of radiation, the y-rays, has very great penetrating power, 
and sustain no deflection in electrical or magnetic fields. They are thus not charged, 
and consist of electromagnetic radiation, similar to the hard X-rays, but of shorter 
wave length. 


2. Characteristic Properties of Radioactive Materials 

Before giving any more detailed account of the three types of radiation, the 
effects produced by the radiations from radium and other radioactive materials 
may be considered more fully [tfj. 

(a) Ionization of Gases 

Preparations of radium (and also of thorium and uranium) owe their ability to 
ionize air and other gases chiefly to the a-rays. The effects due to a-rays are ob¬ 
served only if the preparations are not shielded (i.e., are not surrounded by some 
material which completely absorbs the a-radiation). The / 5 -rays have a weaker 
ionizing action, and the smallest ionizing effect is exhibited by y-rays. 

* The term / 9 -rays is now sometimes used to include not only the electron rays but also 
the emission o{ positrons (i.e., particles with the same mass as an electron, but bearing a 
unit positive charge). If this terminology is used, the radiations are distinguished as B+ 
and p rays, respectively. In discussing the natural radioelements, the term ‘fl-ravs’ will 

always be used m the sense of/ 3 -ravs. 
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This statfmont is true with r.sar.l to the nutuber ol tons ,.ro,lu,,d alons , c|„,,l I, ,u;ll,s 
of path. Ifa vcr\' thin layer of a radium eompound is spread over die lovs. r of a pair )f 
plates, 5 cm apart, then the ionization of the air hv ih.- u. ji arul •• pariules ,s ro.a<tilv as 
10,000 ; too : t, as measured bv the electrical <ondm ti\it\. 


(b) Observarion of Gaseous Ions 

Ions in gases act like dust particles, in that thev serve as nuclei lur tlie conden¬ 
sation of water vapor. This is the basis of the method developed In C,'! R, Wilson, 
in 191 1 , for making the ions visible, 
and hence for observing the tracks ol 
the ionizing panicles (cf. Fig. 5(p. 

When a compressed gas is allowed 
to expand against the atmospheric 
pressure, it is fatniliar that it cools 
down through performing external 
work. If the gas were initially saturated 
with moisture, it becomes supersaturated 
in expanding, and deposits the excess 
moisture as a fog. If the degree of adi¬ 
abatic cooling is not excessive, conden¬ 
sation occurs only if the gas contains 
nuclei for the condensation of the 
droplets of water which make up the 
fog. These nuclei arc ordinarily pros ided 
by particles of dust, but it has been 
found that gaseous ions can act in the 
same way. If all dust particles are remov¬ 
ed (as can readily be done by allowing 
water droplets to condense on them and 
sink to the bottom of the chamber), 
a constant degree of supersaturation 
(readily controlled by the amount of 
adiabatic expansion) will subsequently 
bring about condensation only if the gas 
is ionized—e.g., by X-rays, or by a 
radioactive preparation. It is possible, by means of the Wilson cloud chamber, to 
distinguish between positive and negative ions, or determine the relative numbers of 
each, since it is found that a greater degree of supcrsaluration is needed for condensation 
on positive ions than on negative. It has been shown, for example, that positive and negative 
ions are always formed in equal amounts. The ‘cloud tracks’ formed by the passage of 
ionizing particles are usually registered photographically (Fig. 59). 



59 * Trajectories of u-particles, shown b>’ 
cloud tracks. 


(c) Penetrating Properties of Radioactive Radiations 

a-Rays are completely absorbed by o. 1 mm of aluminum foil, or by a flake of mica or a 
sheet of paper, ^-rays are absorbed only by 5 mm of aluminium or 1 mm of lead foil, 
whereas y-rays are very little absorbed by these materials. The absorption of radiation b\’ 
various materials is roughly proportional to their density (i.e., to the mass of absorber per 
unit length of path), but substances of very high density absorb rather better than would be 
predicted from this rule. 

* Whereas the /?-rays produce far fewer ions per cm of path than do the a-rays, they also 
execute much longer tracks in one and the same medium. The total ionization is practically 
the same for a and ) 3 -rays of equal energy—namely one ion pair per 30 ev (approximately). 
The same is true of other types of high energy particles (e.g., accelerated protons, see p. 517 
and 565). 
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(d) Luminescence 

Siciot’s blende (cr>stalline zinc sulfide) gives a vivid blue luminescence under the impact 
of radioactive radiations. Barium tctracyanoplatinatc(II) gives a green fluorescence, and 
natural or artificial willemitc (zinc silicate. Zn^SiO^) also a green fluorescence. Scheelite, 
diamond, and most fluorites give a blue fluorescence. Luminosity is also excited in a wide 
variety of other substances, including minerals, glasses, and a great number of organic 
compounds. Fluorescence is also excited in the retina of the eye*. 

In most cases the principal luminescent eflccis arc due to the a-rays. There are certain 
substances, however, which can be excited by ^-rays, but do not luminesce with a-rays— 
c.g.. the mineral kunziu (a variety of triphanc discovered by the American, Kunz) and 
antipyrine salicylate. It was formerly stated that y-rays had practically no luminescent 
cfTccts. The excitation of luminescence depends on absorption of the rays in the phosphor, 
and y-rays therefore excite little luminescence at the surface of a phosphor. However, if a 
y-ray source is immersed in a luminescent substance (e.g., in a cavity in a sodium iodide 
crystal, or in a solution of terphenyl in benzene); luminosity is excited throughout the me¬ 
dium, and can be used for scintillation counting of y-rays (see below). 

The luminescence of many substances ceases immediately the radioactive source is 
removed. Others show an after-glow (phosphorescence). Under the action of^-rays, Sidot’s 
blende gives a diffuse phosphorescence with a slow decay. The luminescence produced in 
this material by a-rays, however, is so sharply defined, both spatially and temporally, that 

the flashes produced can be used to count the a-particles 
colliding with the phosphor. 

(e) Scintillations 

Viewed under a lens or low-power microscope, 
a screen coated with Sidot’s blende may be seen 
not to luminesce over its whole surface when ex¬ 
posed to a source of a-rays. Flashes of light appear 
and disappear at random at different places. These 
scintillations (latin, scintilla, a, spark) are apparently 
due to the impact of individual a-particles, and it 
is possible by direct counting to determine the 
number of a-particles reaching the luminescent 
surface per unit time, and hence the number 
emitted by the radioactive preparation {spinthariscope of Crookes, Fig. 6o). The 
phosphor may be observed, not with the naked eye but with a photomultiplier 
tube, whereby each scintillation is converted to an electrical pulse which is 
registered by a suitable circuit. In this form, the scintillation counter has become an 
important instrument for the measurement of both a-ray and ^-ray activities 
(see below). 



Fig. 6o. Spinthariscope. 

S is a zinc sulfide screen, in 
front of which is placed the 
radium preparation on the tip 
of a needle. a-Rays from this 
preparation strike the screen 
and cause scintillations which 
arc obscr\'cd by means of the 
lens L. 


(f) Photographic Effects 

Where no absorber is interposed between the plate and the radioactive preparation, 
the blackening of photographic plates is due largely to a-radiation. With an absorber 
interposed—e.g., a thick layer of air, or a thin layer of solid material—the effects are due 
chiefly to ^-particles. Since the latter have considerable penetrating power, but are ab¬ 
sorbed to different degrees in substances of varying density, sources of ^-radiation can be 
used for radiography, to reveal the inner contours of opaque objects. The radiographs lack 
definition, however, owing to the considerable scattering siistained by j 9 -rays in their 

* The approach of a radioactive preparation can be detected by the closed eye. This is, 
however, a hazardous proceeding, and in practice all unnecessary and uncontrolled expo¬ 
sure to radiation should be rigorously avoided. 
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passage through mat.er. Hence ntore sa„slac,or> radiographs can he made us.ng strong 
y-ray sources The natural and art.h, ,al radioeletnents oli, r a number of coneemem -.rav 
sources of different penetrating powers, equivalent to tl.ose of the X-ravs from high tension 
X-ray sets. In recent years, >-ray sources have come into wide use for industrial radiography 

—c.g., for the inspection of VNclds in pressure vessels. ' 


(g) Coloradon Produced by Radioactive Radiations 


Glass and other substances gradually hecoine colored under tlic prolonged 
action of radioactive radiations. The blue color occasionally displayed by roc k salt 
(Vol. I, p. i88) is probably attributable to the action of radioaciivity. Under the 
actitin of the radiations, a very small proportion of the positively charged sodium 
atoms in the crystal become neutralized. Under these conditions, the metal 

separates out in the matrix in a state of extreme subdivisicjn, ajid shots s the intense 

color characteristic of colloidal systems. The same eHect can he brought about 
artificially by exposure to radioactive radiation. Elster and (ieitcl observed that 
potassium sulfate, colored green by exposure to the rays from radium, displayed a 
strong photoelectric effect, like that of the free alkali metal (i.e., it emitted elec¬ 
trons when irradiated with ultraviolet light). 

It is often observed that the coloration produced by radioactive rays is reversed 
by heating. The ability of substances to luminesce under the action of radioactive 
rays is considerably diminished when they become colored, but is restored when 
the coloration is reversed by heating. 

If a substance contains inclusions of small particles of radioactive material (as 
is often the case with minerals), it is only the immediate environment of the radio¬ 


active inclusion that acquires a coloration, since the a-particles are the most 
efficient in producing this effect ako, and have only a very small range in solids. 
A halo, which displays pleochroism in polarized light, and is therefore known as a 
pleochroic halo, is ultimately formed around each inclusion. These pleochroic haloes 
enable extraordinarily small quantities of radioactive elements to be detected. 
Thus a little as 5 • io“*® g of uranium oxide, which is in radioactive equilibrium 
(see below) with only g (or about 3 • lo® atoms) of radium, in mica of the 
Devonian age, is surrounded by a fully developed, pleochroic halo even though on 
the average only one a-particle is emitted every 10 hours. Even as little as 10g 
of radium, emitting a single a-particle every 4 or 5 days, has been in some cases 
detected by a rudimentary pleochroic halo. These observations show that other 
elements, which are frequently present in mica in much greater quantities, than 
these, cannot be undergoing radioactive disintegration with emission of a-particles, 
since no effects due to their radiations can be detected even after geological epochs. 


(h) Other Chemical Effects of Radioactive Radiations 

The effects of radioactive radiations on gases resemble those of the silent electric 
discharge. In this case also, the a-rays produce the greatest effect. Pierre and 
Marie Curie noticed the ozonizing action of the rays from radium in 1899. With 
sufficiently active preparations, the formation of ozone is evident from its smell. 
Carbon monoxide, carbon dioxide, ammonia, hydrogen chloride, and other 
compounds are decomposed by the radiations. Conversely, these compounds are 
synthesised from their elements. The detailed study of the chemical effects of 
a-particles in gases has been largely due to Lind. Water is decomposed, the primary 
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products probably being hydrogen atoms and hydroxyl radicals, and the end 
products chiefly oxygen and hydrogen (with some hydrogen peroxide). Moist 
radium preparations, or solutions of radium salts, should therefore not be stored 
for prolonged periods in sealed tubes, since the pressure may build up until the 
tubes burst. In working with the emanations, it is found that carbon dioxide is 
liberated bv the action of their a-rays on tap greases. V'aseline and paraffin are 
also affected chemically. Intense a-emitting preparations gradually make quartz 
glass brittle, and affect other materials also. Radioactive preparations can also 
undergo secondary chemical changes as a result of their own radiations. Thus 
radium bromide exposed to air loses bromine, cither as a direct result of its 
radiations or through the ozone formed, and is gradually converted to carbonate. 


(1) Physiological Effects 

Radioactive radiations have serious physiological effects, which may be cumula¬ 
tive over a period of time. It is therefoTe essential to use the greatest care in handling any 
radioactive preparations. Even short exposure to intense sources of radiation is 
sufficient to cause painful inflammation. In general, abnormal cells are more 
susceptible to destruction and damage than healthy cells, and the penetrating 
radiation from y-ray emitting sources has been widely used in radiotherapy for the 
treatment of cancer. At the same time, exposure to radiation can have carcinogenic 
effects and, by affecting the cells of the bone marrow, can bring about leukemia. 

Work with quantities of radioactive substances equivalent to more than a few 
milligrams of radium (‘millicurie level’) requires suitable techniques, with the 
experimenter adequately shielded.from penetrating radiations. Work with pure 
/^-emitters ran be carried out behind transparent ‘perspex’ shields; preparations 
emitting y-rays must be manipulated behind lead shielding, using remote handling 
methods if necessary. For work with intense sources, equivalent to grams of radium, 
properly designed laboratories are essential. 


3. Properties and Nature of the Three Kinds of Radiation 

(a) Alpha Rays 

(j) Range, Energy, and Ionizing Power, a-rays move through gases in almost 
rectilinear paths (cf. Fig. 59). At some point they vanish—i.e., beyond a certain 
point it is not possible to detect any ionization or other effects of the a-rays. The 
distance from the source to the point at which their ionizing action ceases is known 
as their range, and since all the a-rays emitted from a radioactively homogeneous 
source have practically the same range, the range of the a-particles is an important 
characteristic of each a-emitter. 

All the u-particles are ejected with the same velocity from a homogeneous preparation. 
This velocity can be determined, as with cathode rays and canal rays, by observing their 
deflection in electrical and magnetic fields. The velocity diminishes progressively as the 
particle traverses its path through the medium, and near the extremity of the range, the 
decrease in velocity is rapid. The particle is thus suddenly slowed down. The number of 
a-particles causing ionization remains constant almost to the extremity of the range, and 
then suddenly drops to zero. The ionizing effect of the a-particlcs is inversely proportional 
to their velocity—i.e.. the longer the time taken to traverse an atom, the greater is the 
probability of ionization. 
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61 shows how the lonizalinn Af <T k. . .1 

source, and hence with the veloritv of the panicl.-r 1 he diiVTk ^ T' ' dist.wic. from th 
Geiger) relate tb the ionization of a.r at , J C and' 

760 mm pressure by the a-particles from radimn 
C', one of the disintegration products of radium. 

The number of ions formed per millimeter of path 
is plotted as ordinate. The ionization clearly in- 

creases progressively with distance from thesourcc— 

i.e.. as the velocity drops off—and reaches a sharp 
maximum immediately before the point at which 
the slowing down takes place. It then falls abruptly 
to zero. An a-particle from radium C'. with a range 
of about 7 cm, produces about 237.000 ions before 
it is absorbed. The number of «-particles emitted 
by the radium C' which is in equilibrium with 
I g of radium was found by Rutherford and 
Geiger to be 3.4 • io‘® per second. 1 g of radium, 
together with all iLs decay products including 
radium C', emits four times as many a-panicles 



^ J ^ 5 6 7 cm 

^ D/stvnee from loarc^ of rodtoin^ 


as this—i.e., about 8 • 10'- particles per minute 


Fig. 61. Dcpi'ndenct’ of ionizatior 
due to a-particles on particle velociiv 


The particles were counted by detecting the ion- 
iza.ion of .he air produced by each par.icic which passed through a diaphragm definin, 
a known solid angle with the source as sertex. Every particle passing d,rough th! 
opening set up a pulse m the electrometer. The number found by Rutherford and Geig,-i 
m this way agreed with that determined by counting scintillations. ^ 


The range of an a-particle is four times as long in hydrogen as in oxygen at the 
same temperature and pressure. In general, Bragg and Kleeman found that the 
atomic stopping power of any element was proportional to the square root of the 
atomic weight. For mixtures or compounds, the molecular stopping power was 
almost equal to the sum of the atomic stopping powers of the components. 

The range of a-parlicics in any gas is proportional to the absolute temperature 
and inversely proportional to the pressure. The range at 15 '’C is 1.055 times as 
long as that at o ®C. The variation ofa-particle range with temperature has been 
used as a means of determining the temperature of flame gases. 

Geiger deduced that the range of a-particles was roughly proportional to the 
third power of their initial velocity. If o is the range at o °C (in cm), and v the 
intitial velocity (in cm per sec), q - 9.25 • lO"” »» or y 1.026 • io« 

The relative stopping power of any substance for a-rays is defined as the ratio 
^ = QaiQ 3 > where is the range of the a-rays in air, and q, their range in the 
substance concerned. Thus for aluminium S = 1660, for mica S = 2000, and for 
gold S = 4800. As a measure of the range of a-rays in a solid substance, it is usual 
»o specify the weight (in mg per cm*) of a foil of the substance which is just thick 
enough to absorb the a-rays. If this ‘range’ expressed in mg per cm* is divided b>- 
loood, [d, = density of solid), the quotient gives q, in cm, since the mass of a 
sheet of q cm* cross section, cm thick m = q, - q ■ d^ g. The range of u- 
particles in air is given by the product q, • 5 , where o, is their range in a solid of 
relative stopping power S. For example, the a-rays from radioactively pure 
thorium are just absorbed in an aluminium foil weighing 4.43 mg per cm*. 
The density o.f aluminium is 2.70, so that the range of thorium a-rays 


% 

IS 
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- = r.64 • ro“® cm in aluminium, and 1.64 • 10 * • 1660 = 2.72 cm in 
1000 • 2.70 

air. Instead of the ‘range in mg per cm*’, the stopping power of materials i.s sOme- 
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times expressed in terms of the mass (in mg per cm*) which has stopping power for 
a-rays equivalent to that of I cm of air. Thus, for aluminium this is i .63 mg per cm*. 
The ratio of the Tange in mg per cm*’ to this quantity is equal to the range in air 


(e.g. 


T43 

1.G3 


- 2.72). 


The air equivalent of a substance is not quite independent of the velocity of the 
a-rays; the same is true of the relative stopping power. For accurate measurements, 
the range is determined directly in dry air, using reduced pressures to obtain the 
longest possible range. The well defined range possessed by an a-particle of given 
initial velocity is due to the fact that it loses a definite amount of kinetic energy 
every time it collides with an atom and produces ionisation. This loss of energy 

amounts to 35 c.v. per ion pair produced in air. 

Occasionally collisions occur in which much greater amounts of energy (e.g. 
up to 1000 e.v.) may be transferred to the atom struck. These collisions involving 
large energy losses are statistically distributed over all the trajectories of the 
particles, with the result that their lengths fluctuate about a mean value. Fig. 62 

shows this for the a-particles from 



Fig. 62. Range variation of the a-particlcs from 
radium C' (according to I. Curie and Mercier) 


radium C' (according to measure¬ 
ments of I. Curie and Mercier). 
The percentage of all a-particles 
having a given range is plotted (as 
ordinate) against the range. All the 
a-particles originally emitted are 
still present at the end of a track 
6.70 cm long in air; all have dis¬ 
appeared after an air path of7.02 cm. 
The decrease in their number is 
greatest at the point where the curve 
has its inflexion—e.g. at the range 
6.87 cm. It is usual to give for the 
range of a-rays from radium C' not 
this most common (‘modal’) value, 


but the value 6.95 cm, obtained by extrapolating the tangent at the point of in 
flexion to intersect the axis of abscissae (dotted line). A value for the range which 
usually differs only slightly from the foregoing is obtained by plotting the number 
of ions produced per unit length of path, as a function of distance from the 
source (Fig. 61), the steeply falling limb of the resultant curve is then extrapolated 
linearly to intersect the axis. 


(it) Charge on the a-Particle. Rutherford and Geiger determined directly the 
quantity of electricity transported from a radioactive source by the a-radiation. 
Since they had already determined the number of a-particles emitted, their 
experiments at once gave the charge on a single particle, whereas from the elec¬ 
trical and magnetic deflections it is possible to determine only the ratio of mass to 
charge. The charge on the a-particle proved to be twice the (positive) elementary 
quantum of electricity—i.e., twice the charge on the hydrogen ion or hydrogen 
nucleus. Similar experiments were carried out by Regener, with the same 
result. 
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(m) .\alure of Ihc a-ParlicU . Erun. it. dcllcctx.n ii, n.aj.nrtu- anti electric 
fields, it was shown that the ratio of t har.4t- to mass for tl.e o-partKle was abt.ui 
half as great as the ratio between tlie cliarge oftlie Indrogcn ion and the mass t,f 
hydrogen atom. Since each o-particle bears -2 unit positive charges, it must have 
about 4 times the mass of the liydrogen atfini. I he onl\- known element w itii mass 
number 4 is helium. Rutherford proved tliat helium uas, in fact, formed during the 
emission ofa-rays, by enclosing radium emanation, an a-ray emitter, in a glass 
capillary with such thin walls that the a-particles passed through them. It was 
shown spectroscopically that helium gradually collected on tlie outer side of the 
capillary. It was established that the thin glass capillary was not permealile to gas, 
The experiment proved conclusively that a-particles were helium atoms, with a 
twofold positive charge. From the spectroscopic discus.sion of Cdiapter 4, \’ol. I, it 
follows that the helium atom loses all its extramiclcar electrons in acquiring a 
double positive charge, only the nucleus remains. Hence the a-particles must be 
regarded as helium nuclei, ejected with great velocity. 

As stated above, 1 g radium emits 13.6 ■ lo'" helium nuclei per second. Hence it 
produces 13.6 • lo'® 27 • 10"' — 5.03 ■ io“* cc of heliunt per second, or 159 mm® 
of helium per year. 


(b) Beta Rays 

Unlike the a-rays, the ^-rays are not homogeneous even in the case of a radio- 
actively pure substance; they consist of electrons with velocities (i.e., kinetic 
energies) varying continuously over a certain range. The most energetic have 
velocities closely approaching the velocity of light (0.998 c for the fastest /9-rays 
of RaC). The direction in which / 9 -rays are deflected in magnetic or electrical 
fields shows them to bear a negative charge. 

Kaufman (1901-1906) determined the ratio of charge to mass for cathode ray 
particles and for / 9 -particles, and showed that the mass varied with the velocity as 
predicted by the theory of relativity. 

(j). Maximum Energy of ^-Particles. Although the ^-particles emitted in the course of some 
particular radioactive disintegration may have any kinetic energy within certain limits, 
the different values for kinetic energy are distributed in a definite manner. If the number of 
particles possessing any given energy is plotted as a function of the energy, the resulting 
curve has the same form for all ^-ray emitting substances. The maximum energy found 
among the ^-particles emitted in the particular radioactive disintegration process, denoted 
by £max, is a characteristic constant for each ^-ray emitting substance, in the same way 
as the range of the a-particles is characteristic of each a-emitter. See further p. 521 et seq. 

{ii) Ionizing Power. Over equal lengths of path, the ionizing action of / 9 -rays is 
much less than that of a-rays. As for a-rays, the ionization decreases as the velocity 
of the ^-particle increases*. 


The a-rays from radium C', which are exceeded in velocity only by those of thorium 
C', produce nine times as many ions in a given length of track as do ^-particles of the same 
velocity, and more than three hundred times as many as the fastest ^-particles. 


* The total ionization increases with increasing particle velocity, as for a-rays. It is pro¬ 
portional to the kinetic energy of the particle. Cf. footnote p. 505. 
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About jo to loo ion pairs per centimeter of track are produced in air at atmospheric 
pressure by the fastest //-particles, as compared with 20,000 to 40,000 by the fastest a-par* 
tides. 


As the ionization increases with falling velocity, it attains a maximum at about 
{ • io'‘ cm per sec. If the velocity falls below this, the ionization becomes weaker 
anti disappears at rather lower speeds. 

{iii) Absorption of Beta Rays. The absorption of /?-rays follows a different law 
from that of a-rays. They do not suffer an abrupt stop, but arc gradually at¬ 
tenuated, partly by absorption and partly by ‘scattering’, i.e., by the deflection of 
the /^-particles from their rectilinear path. 


If //-rays arc tra\ ersing an absorbing medium in the direction x (see accompanying sketch), 

/ (as measured by the ionization produced in passing through 
a given layer of air) is represented by the equation 


d/ 

d^ 




where the proportionality factor // is known as the absorption coefficient of the given medium 
for //-rays. /< increases with the density of the material; it is also dependent upon the energy 

of the //-particles*, and is therefore different for the rays emitted by 
different radioelemenis. Thus the absorption coefficient of aluminum 
IS 14 for the //-rays emitted from UX,, 150 for those from UXj, and 
5500 for those from RaD. Since the velocity of the /?-particIes falls 
off as they traverse the absorbing material, the ionizing effect of each 
panicle per unit length of track increases. At the same time, the 
number of particles moving in the x-direction diminishes as a result 
of scattering. These two effects are superposed, and the net result b 
that the coefficient /< for a beam of //-rays of given initial velocity remains roughly constant. 
If/< remains constant, integration of (1) gives 


M 

3 






I = L e-^' 


(2) 


where is the intensity of the rays before entering the absorbing medium, x is the length 
of path within the medium, and e the base of natural logarithms. 


(c) Gamma Rays 

The penetrating power of y-rays is not merely much greater than that of the a- 
and /i-rays; in general, it is much greater than that of X-rays. The existence of 
y-radiation was established by Villard, in 1900, for radium, y-radiation from 
radium is readily detected by its photographic effect, and by the fluorescence 
produced on a screen coated with barium cyanoplatinate(n) or willemite. /9-rays 
must be screened off, by interposing a 2 mm thick lead foil. Detection of y- 
radiation from weakly radioactive preparations, such as those of uranium or 
thorium, is less easy**. 


Emission of y-radiation is not characteristic of all the radioelcments, but is observed with 
certain of them only, y-radiaiion may be produced in the course of either a-particle or 
//-particle decay, and is explained in terms of the theory of atomic dbintegration in the 


* The greater the kinetic energy, the smaller is fs. Use is made of this relation for 
approximately determining the energy of ^-radiation. (See p. 521.) 


^ y-rays are not emitted directly either by thorium or uranium, bu.t originate from the 
disintegration products of these elements. 



4 disintegration theory 

following «ay After the emission of an o- or ,i-partirlc, the new nucleus ,nay in tnany 
tnsunces, be left m an exc.ted state. It may then dispose of its surplus energy ,n the form of a 
quantum of electromagnet,c rad,at,on of very high frequency-i.e., in tfe form of-..rays 
In accordance vsoth th,s mode of or,gin, primary y-rays* always lurnish a 
wh,ch enables ,nferences to be drawn concerning energy states in the Comic nucteJiL ite 

sTmctre!" “ information as to energy states of the extranuclea? 

l?Sri:^;Trcr:ralir"'''‘"' <° ‘hat except that 

/=/.-e,.r ( 3 , 

/idependslmthonthenature of the absorbing material and on the wave length (i.e., the 
enerw) of the y-rad,atton. The smader the wave length, the smaller is n in any medium- 
I.e., the more penetrating is the radiation. 


4. The Disintegration Theory of Radioactivity 

In 1903, Rutherford and Soddy. in England, put forward an interpretation of 
the phenomena of radioactivity, in terms of their disintegration theory. The essential 
nature of radioactivity is considered to be that the atoms of radioactive elements 
are ui^table, and undergo spontaneous disintegration. In breaking up, they eject 
radiations (a- or ^-particles, or quanta ofy-radiation), and the number of particles 
corresponds to the number of atoms disintegrating. In the case of the natural 
radioelements, species of the atoms formed in the process are themselves generally 
still unstable, and are therefore radioactive. By their disintegration, they yield yet 
other nuclei until finally a stable, and therefore inactive, nuclear species results. 

This conception explains why radioactive substances continuously radiate 
energy, without acquiring any energy from external sources: an experimentally 
established fact that at first appeared to contravene the principle of conservation 
of energy; the phenomena are now attributed to processes which lower the internal 
potential energy of the atomic nucleus. It implies, further, that the energy emission, 
from radium, cannot remain strictly constant; if, during observable periods, 
only a vanishingly small fraction of the atoms has decomposed, the activity will 
apparently remain constant. If, however, an appreciable proportion of the atoms 
has decayed within a short time, the decrease in the intensity of the emitted radia¬ 
tion can readily be observed. Measurement of the rate at which it declines is, in¬ 
deed, one of the most important ways of characterizing many radioactive sub¬ 
stances. 

Transformations of the atomic nuclei give products which differ from the original 
not only in their radioactive properties, but also in chemical properties, as was 
proved at an early stage. Thus radioactive processes involve the transmutation of the 
elements. 

(a) The Disinteg^ration Series 

One element may be transformed by disintegration into another, also radio¬ 
active, and this in turn into a third radioelement, and so on. A succession of the 
products of radioactive processes therefore results, and the whole is known as the 
disintegration series derived from the original radioelement. Three*’*' disintegration 

• See p. 517 on the subject of secondary y-rays. 

*• Strictly speaking, a fourth disintegration series is represented in Nature in minute 
amounts. Consideration of this series is deferred to Chapter 13. 



5'4 


RADIOACTIVITY AND ISOTOPY 


II 

series are derived from the radioelements that exist in Nature—the thorium (or ‘4n*) 
disintegration series (Table 57, p. 528, the uranium-radium (or ‘411 2’) disintegration 

series (Table 59, p. 533), and the ‘4n + 3’ or actinium disintegration series (Tabic 60, 
P* 537 )- Each of these series terminates with an inactive product. The clement 
from which some other is directly formed is frequently spoken of as its parent element. 
The immediate disintegration product of a radioelemenl is known as its daughter. 

(b) Half-lives and Decay Constants 

As is required by the disintegration theory, the intensity of the radiation emitted 
by some element decreases continuously with time. The time elapsing until the 
intensity of the radiation has fallen to one-half of its initial value is known as the 
half-life of the radioelement in question. 

Suppose that the number of atoms of the radioelement present at the time t = o (i.c., at 
the commencement of observations) is Af©. and at some later time t the number of atoms 
remaining unchanged is Af,. Then according to the disintegration theory (cf. p, 525), 

Af, = A/© • (4) 

In (4), A is a constant, known as the decay constant or disintegration constant, which depends 
upon the nature of the radioelemcnt. The reciprocal of A is the mean lifetime of the atoms of 
the element in question. The half life, /i/,,— i.e., the time at which just one-half of the original 
number of atoms remains, so that the intensity of the radiations has fallen to half its initial 
value,—is related to the value of the decay constant. Substituting in (4), 

/• 2 


Hence /./, = ^ log© 2 = 0.69315 * j 



At a time t = to/«/,> A^j : Af© = 1 : 2*® — —. Thus after a time equivalent to ten 

1024 

half-lives, the number of atoms of the radioelemcnt present will have fallen to about one- 
thousandth of the number originally present, fn many cases, therefore (except where very 
highly active preparations are involved), it may be taken that the radiations due to the 
element in question will have practically decayed away to zero after ten half lives. 

(i) Determination of Disintegration Constants. Equation (4) may be written in the 
form 

log Nt = log Afo — 0.4343 (6) 

This is the equation of a straight line. Hence if the values of log jV, are plotted, as 
ordinates, against the corresponding times t, as abscissas, the experimental Observ¬ 
ations should fall on a straight line. The disintegration constant A is given by the 
slope of this line: 


0.4343 7 '°g (,) 

In determining disintegration constants by this method, it is not necessary to 
know the actual number of radioactive atoms in the preparation. It is sufficient to 
know the number of particles emitted in a sufficiently short interval of time. This 
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is proportional to the total quantity of the radioactive species, 
proportionality disappears when the logarithms are subtracted 
The point of time taken as zero time, / i = o, is arliitrary 


and 

from 


the factor of 
one another. 


^uadon (6) applies to a homogeneous radioactive substance. It a mixture of several 
radioactive species is present, having different decay constants, a curved plot is obtained 
instead of a straight hne. In such cases, the indis idual values for the several radioaetive 
species can often be derived by mathematical analysis. Provided that the decav constants 
are suffic.endy different, and the relative proportions of the several species not too disparate 
jt IS usually found that t^ log y, versus / curve resolves itself into a set of linear segments 
^cept when it is possible to effect a complete resolution of a mixture of radioelements by 
chemical mcaw, graphical or mathematical methods of resolution arc usually employed 
for determination oi half-lives. 


For relatively long lived species, disintegration constants are determined in a 
different manner, since it would take years to obtain the necessary experimental 
data. If the half-life is of the order of magnitude of years, the quantity of radio¬ 
active material is practically unaltered during a period of a few hours Hence the 

dvV 

differential quotient (cf. eqn. (ii), p. 525) may be replaced by the difference 
quotient, —. Then 

At 


AN ^ i 
At 'n 



./Vis known if the weight and composition of the preparation are known, together 

with the atomic weight of thexadioactive species. The decrease in TV (=_ AN) 

during the time is equal to the number of particles emitted during this period*. 

It is not practicable to determine the half-life or decay constant directly for all 
radioactive substances. The very long lived elements, such as thorium and uranium 
(uranium I) show absolutely no changes is the intensity of their radiations over 
any measurable period. It is possible, in such cases, to deduce the decay constants 
for the long lived species from the relative amounts of daughter products in radio¬ 
active equilibrium with them (see below). 


It is often possible to estimate the approximate decay constants of a-emitting substances 
with an enormously high disintegration rate, by using a relationship discovered empirically 
by Geiger and Nuttall (rgi 1): 

log X = A + B\ozq (9) 

where A and B are constants, and q is the range of the a*particles. The value of A is some¬ 
what different for each of the three natural disintegration series. The Geiger-Nutiall relation 
expresses the inner connection between two' fundamental magnitudes which enter into 
radioactive changes, namely the disintegration constant and the velocity with which 
a-particles arc ejected from the nucleus (i.e., with the energy liberated in radioactive 
change). Gamow (1928) has given an explanation of the Geiger-Nuttall relation. 

• This method therefore is applicable only to weighablc quantities of the pure radio- 
clement, or to sources of known isotopic composition; it also requires a knowledge of absolute 
counting rates. The method applicable for short half-lives can be used for unweighably 
small quantities of material, in the presence of a relatively much larger quantity of carrier 
if necessary. It also does not require a knowledge of the efficiency of counting, and the 
absolute rate of emission of particles, since the same source may be counted successively 
in the same counting device. 
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(,() Sar,,nt CVm. The Canadian physicist Sargent (1933) discovered a relationship 
between the maximum energy of /)-rays, and the decay comtants of ^-e|ntt ei^, 

corri-sponding to that holding between the range of o-particles and the decay constant of 
,,-emitters. If the values of log A for the various natural /(-emitting radioelements are plotted 
against the corresponding it is found that most of the points he on one or other of two 

straight lines. It has been shown that these Sargent curves are a consequence of the theory of 
/(-particle disintegration developed by Fermi (1934) and Pauli (l 93 >)- On this theory, 
A = (approximately). Hence 


log A = log A -f- 5 log E 


max 


(10) 


In this equation, k is a parameter that may assume several values, depending on whether 
the nuclear transition from a higher to a lower energy state, with emission of a ^-particle, a 
a process of high probability or of low probability. If two different values are taken for A, 
cqn (10) leads to two straight lines, the course of which corresponds roughly to the two 
Sargent curves derived from the and A values for the ^-emitten of the natural dis- 

integration series. The theory leaves open the possibility that A might assume more than 
two values. When the ^-emitting species obtained by artificial nuclear transformations are 
included, it appears that they do indeed lie on additional Sargent curves. 


(c) Radioactive Equilibrium 

If the various members of a disintegration series are not separated from each 
other, but each radioactive daughter product is left in contact with its parent 
element, a state of equilibrium between the individual members of the series is 
established in course of time. This is reached when the amount of each species 
decaying per unit of time is equal to the amount of that species newly formed from 
its parent. If the first member of the series is a long-lived element, such as radium 
or thorium, the total activity of the series remains practically constant over long 
periods of time. The subject of radioactive equilibrium is further treated below. 


5. Secondary Radiations 

It might be expected from the disintegration theory that emission of an a- 
particle would leave the residual daughter atom bearing a twofold negative charge. 
It is found, however, that the products are quite definitely attracted by a negative 
electrode, and so are positively charged. This property can be utilized to effect a 
concentration of the products at a required place—e.g., on the surface of a metal 
wire, by bringing the negatively charged wire close to a radioactive preparation. 

(a) Recoil Rays 

It can be shown that the daughter atoms are indeed originally negatively charged, but 
subsequently acquire a positive charge. According to the laws of mechanics, the massive 
atoms must recoil when they emit a- or ^-particles, in the same way as a gun recoils when it 
fires a shell. This recoil ejects some of the daughter atoms into free space, with a very high 
velocity, especially in the case of a-particle emission. In the latter case, the velocity of the 
residual atom is about 2% of that of the a-particle, or of the order of magnitude of */iooo t>f 
that of light. This high velocity makes the recoil atoms fairly efficient in ionizing the gas 
molecules with which they may collide. In particular, these collisions strip them of their 
two excess electrons, and usually of another electron also, so that they are left with a net 
positive charge. If collisions with gas molecules are avoided, by working in high vacuum, 
the reversal of charge does not take place. 

Recoil atoms lose their very high velocity and their ionizing power after traversing a path 
a fraction of a millimeter long through a gas at atmospheric presurc. Once their velocity 
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has dropped to that of normal gas molecules, they behave like ordinary gaseous ions. I'he 
recoil atoms from (i-ray transformations do not at any time possess substantially higlicr 
velocities than gas molecules. 

(b) Negative Secondary Radiation 

Recoil rays are one example of secondar>' radiations arising front radioactive processes. 
Botlt negative and positive secondar>' radiations of other kinds also occur. Negative iecondary 
raj'S are produced when a-. or y-rays collide with atoms of other elements. They consist 
chiefly of electrons, of lower velocity than the /^-particles. J. J. Thomson, who first observed 
them in 1904' termed them d-rays. These ri-rays (or slow ^-rays) are produced chiefly by 
u-radiation, which can also give rise to a very weak secondar>’ y»radiation. 

Stronger y-radiation is generated m the absorption of /^-rays. Its origin is in every' way 
analogous to the generation of X-rays when cathode rays impinge on an anticathode. The 
secondary /^-radiation which accompanies /^-rays emission consists chiefly of reflected and 
scattered fi-rays. Genuine secondary /f-rays may be emitted simultaneously; these arc 
essentially the same as the d-rays. 

y-rays can gi\e rise both to secondary /^-rays and to secondary )'-rays, (X-rays do the 
same). The secondary* /?-rays liberated by the y-rays hav’e penetrating power similar to 
that of primary fi-rays. The ionizing action of y-rays is largely due to these secondary 
/^-rays and their effects. 

(c) Positive Secondary Radiation 

The positive secondary radiation produced when a-particles collide with other 
atoms is of particular interest. If the mass of the bombarded atoms is similar to, or 
smaller than, that of the a-pariicle, these secondary particles acquire a considerable 
range. It may be calculated from the dynamics of collisions that, for the most 
favored case of central collision* with a hydrogen atom, the ‘knocked on’ proton 
has a velocity 1.6 times as great as that of the colliding a-particle. Since the range 
is proportional to the cube of the velocity, these protons should have a range about 
four times as long as that of the a-particles producing them. This is, in fact, borne 
out by observation, as was first shown by Marsden (1914) for the passage of a- 
panicles through hydrogen, and later for their passage through any compound 
containing hydrogen. 


6 . Determination of Disintegration Energy 

Disintegration energies were originally measured by calorimetric methods—i.e. 
the heat liberated in radioactive decay was measured directly. Calorimetric 
methods are not applicable in all cases, however; moreover, they do not usually 
permit of any exact assignment of the energy to the various types of radiation 
(a-rays, ^-rays, y-radiation, secondary' radiation). A knowledge of how the energy 
is distributed amongst the different types of radiation is fundamentally important, 
however, for any deeper understanding of the nature of radioactive processes. 
Methods which give this information directly are now invariably used. The sum 

* For a central elastic collision. 


and 


niiCi = rriiVi + 


where m,, mj are the masses of the two bodies, Cj, r, their velocities before collision, and i;„ 
their velocities after collision. If = 4, = i and = o, = {I; Ci. 
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of the several contributions to the energy of disintegration is the same as the energy 
determined by calorimetric methods. 

For the relation between the disintegration energy and the loss of mass associated 
with the disintegration, see p. 567. 

The energy liberated in a-decay appears as the kinetic energy of the disintegra¬ 
tion products—i.e. is equal to the sum of the kinetic energy of the a-particle and 
that of the product atom. As follows from the law of conservation of momentum, 
the ratio between the kinetic energy of the product atom and that of the a-particle 
is equal to the ratio of the mass of the a-particle to that of the product atom. Hence, 
to determine the disintegration energy it is necessary to determine only the kinetic 

A/ + 4 

energy of the ejected a-particles; this is then multiplied by —^— 


where M is 


the mass number of the disintegration product. 

The matter is rather less simple in the case of )?-decay, since the ^-particles do 
not all have the same energy. It follows from considerations set out later that the 
energy liberated in disintegration and emission of^-rays is given by the maximum 
energy of the ejected /^-particles. 

Emission of y-radiation frequently accompanies both a- and ^-decay; it may 
originate either in the external shell of the atom, and then has the character of a 
secondary radiation, or in the nucleus. In the latter case, the y-radiation arises from 
a transition of the emitting nucleus from a state of high energy to a state of lower 
energy. The phenomenon is exactly analogous to the transitions of electrons in the 
external shell of the atom from high energy states to lower energy states, with 
emission of light or X-rays. It is thus possible to recognise the existence ofa number 
of discrete energy levels in the nucleus of the atom, just as in the external shell—a 
fact of importance in the thcor>' of the nuclear forces which hold the structural 
units of the nucleus together. The existence of such energ>' levels can also be de¬ 
duced from certain phenomena observed for a-rays. 


(a) Energies of a-Rays 

The energy of a-particles can be determined exactly from their deflection in a 
magnetic field. It can be found more conveniently, and with sufficient accuracy, 
from their range. Since the relation between the energy and the range of a-particles 
is rather complicated, it is best represented graphically. Such curves are given by 
Livingstone and Bethe [Rev. Mod. Physics, 9 (1937) 266], Holloway and Livingstone 
[Phys. Rev., 54 (1938) 31] and Riezler (ref. on p. 573). Geiger’s formula (p. 515) is 
only approximate, and even if only low accuracy is desired its application is limited 
to a-particles with a range between 3 cm and 7 cm in air. For smaller ranges the 
initial velocity of the particles is considerably higher, and for greater ranges it is 
smaller than would be deduced from the Geiger formula. 

In general, the a-particles emitted by a given radioactive species are all identical 
in initial velocity (initial energy). In certain cases, however, several groups of a- 
particles are emitted, having markedly different energies. Thus six groups of a- 
particles are emitted from thorium C, each characterised by a different initial 
eneigy. Their values are listed in the first column of Table 56, whilst the second 
column shows the fraction of the a-particles in each group. The substance is said 
to have an a-ray spectrum. In the example quoted, the differences in the energies of 
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the a-particles are explained by the hvpothesis that the nucleus of thorium C” 
(the product of a-decay of the thorium C nucleus) is frequentK’ formed in an 
‘excited’ state—i.e. in a state of higher energy than the ground state of the nucleus. 
The highest value for the disintegration energy of thorium C—and Ijence for the 
energy of the ejected a-particles—will be obtained if the disintegration leads 
directly to the formation of a thorium C" nucleus in its ground stale. If an excited 
nucleus of thorium C" is formed, the energy of disintegration is dinhnished by the 
energ>' difference between the excited and the unexcited nucleus (Fig. 63). The 
differences between the energy levels of the excited nuclei and the ground state 
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Fig. 63. Origin of the a-particle spectrum of ThC. Relation between the nuclear energy 
levels in ThC' deduced from this evidence, and the y-ray quanta emitted in process of 
formation of ThC'. The numbers beside the arrows give the quantities of energy (in mev) 
liberated. Beside the energy levels of the excited state are shown the differences in energy 
between excited and ground states, as given by the energies of the ThC particles. 


are shown in column 4 (Table 56). Disintegration energies listed in column 3 are 
obtained by multiplying the values of column r by the factor (208 -|- 4)/(2o8). 
The excited nucleus usually gives up its excess of energy after an immeasurably 
short time in the form of y-radiation, and thus passes over either directly or by 
intermediate steps into the ground state. Hence the energies of the y-rays must 
be equal to the differences between energy levels. Measurement of the energies of 
the y-rays thus provides a second and quite independent method of determining 
the energy levels of the excited thorium C' nucleus. The y-ray energies thereby 
obtained are shown on the right hand side of Fig. 63; they agree well with the 
observed values. As shown by Fig. 63 not all the possible transitions between the 
energy levels of the thorium C* nucleus are, in fact, observed, but only certain of 
them. It may be inferred from this that, as for transitions in the shell of the atom, 
certain ‘selection rules’ apply to the nucleus, whereby particular transitions may 
be ‘forbidden*—i.e. are highly improbable. 
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TABLE 56 


SPECTRUM OF Q-PARTICLES FROM THORIUM C 


Energy of 
a-particles 
in mev 

Frequency, as 
percentage of 
total number 

Disintegration 
energy in mev 

Difference in 
energy, relative 
to maximum 

6.084 

27-»5 

6.201 


6.044 

69.78 

6.161 

0.040 

5-762 

1.81 

5-873 

0.328 

5.620 

0.16 

5-728 

0.473 

5 -6 oi 

1-09 

5709 

0.492 

5.480 

0.01 

5-585 

0.616 


An a-particlc spectrum can also arise if some of the nuclei which emit the a- 
particles are in an excited state at the instant of disintegration. In addition to the 
normal a-particles, there will then be some of higher energy. These will be very 
few in number, as compared with the normal particles, since in general the 
transition of an excited nucleus to the ground state, with emission of y-radiation, 
is much more rapid than disintegration and ejection of an a-partrcle. For this 
reason, the a-decay of excited nuclei is only detectable in the case of extremely 
short lived a-emittcrs. 

(b) Energy of y-Rays 

The energy of a y-quantum is given by the product Av, like that of a light 
quantum. It is only in exceptional cases, however, that the frequency v (or 
corresponding wave length A) can be measured by diffraction from the lattice 
planes of a crystal, as in X-ray spectroscopy. This method cannot be used for 
y-rays with frequencies very much greater than the frequencies of X-rays, as is 
generally the case for primary y-rays. An approximate measure of the y-ray energy 
is afforded by their penetrating power. The harder the radiation—i.c. the higher 
its energy—the less is it absorbed by matter. For accurate measurements, however, 
the method is to determine the energy of the electrons that are ejected from the 
external shells of the atoms with which the y-ray quantum collides. These ‘second¬ 
ary /S-rays’ have discrete, homogeneous energies, unlike the primary /?-rays which 
originate in the nucleus of the atom. An electron liberated by a y-quantum 
possesses kinetic energy equivalent to the difference between the energy of the 
y-quantum and the original binding energy of the electron*. The latter is found 
from the characteristic X-radiation which is emitted as a result of the electron 
being ejected from its original energy level (cf. Vol. I, Chap. 7). The kinetic energy 
of the liberated electron is determined by measuring its deflection in a magnetic 
field. Since the electrons liberated by the primary .y-rays possess definite and 
discrete energies, it follows that the same is true of the y-rays emitted from the 

* Thb is true for electrons liberated by the so-called photoeffut. In certain cases, the 
phenomenon known as the Compton effect may occur instead, in which the y-quantum gives up 
only a portion of its energy to the electron and is itself reflected according to the laws of 
elastic collision. In this case the frequency of the y-quantum is diminished, by an amount 
corresponding to the transfer of energy in the collision. The original energy of the y- 
quantum can also be determined from the Compton effect. 
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nucleus. This, in turn, necessarily implies that the nucleus of the atom can assume 
definite and discrete energy states, and that when it undergoes a transition from a 
state of high energy* to a stale of lower energy-, the difference in energy is emitted as 
a quantum of y-radiation. One example of such a process has already been con¬ 
sidered (Fig. 6;^). In this the y-radiation was associated with an a-decay, but 
^'-radiation may also appear as a result of a /?-decay. Hence the ^-decay process 
can also lead to the formation either ol normal or of e.xcited nuclei. 

Internal Conversion of y-Rays. It is often found that a y-quantum causes the ejection 
of an electron from the electronic shell of the nucleus from which the y-ray was 
emitted. The characteristic X-ray spectrum of the daughter nucleus is thereby 
excited. This process is known as the internal conversion of the y-ray. As a rule, only a 
small fraction of the y-quanta emitted in radioactive decay undergo such internal 
conversion, and this fraction usually becomes smaller as the energy of the y-rays 
increases. The /?-rays produced by the internal conversion of y-rays should be 
regarded as secondary rays, by reason of their origin. Like the y-ravs, they differ 
from primary ^-rays in possessing discrete energies. 


(c) Energy of /^-Particles 

Primary / 9 -rays—i.e. electrons ejected directly from nuclei in the act of radio¬ 
active disintegration—do not possess discrete energies. They possess every possible 
velocity, from zero up to a maximum which is different for each emitter. If the 
numbers of ^-particles possessing a given energy are plotted as a function of energy, 

is obtained. This is known as the spectrum of the 

^-particles. The general form of 
the spectrum is the same, ir¬ 
respective of the nature of the 
source emitting the / 9 -particles; 
it is only the end point of the 
curve, corresponding to the 
maximum energy found for any 
/ 9 -particlcs from the given source 
(indicated in Fig. 64 as £'max)> 
that differs for /S-particles from 

careful 

measurements of the distribu¬ 
tion of numbers of / 9 -particles 
over the different energies are 
needed to determine this maximum value, since the curve metts the energy axis 
at a very acute angle. In most cases, the maximum velocity of the / 9 -particles 
emitted from different / 9 -active sources lies between 25% and 99% of the velo¬ 
city of light. These correspond to maximum energies of 0.025 3-*5 niev; the 

most usual values are about 1 mev. 

Several methods arc available for determining the velocity or kinetic energy of 
^-particles, and the distribution of / 9 -particles over the energy spectrum. One of 
the most usual is to employ a so-called magnetic lens—i.e. a coil through which an 
electric current flows—and a Geiger counter. As they traverse the coil, the 
particles are deviated from their original trajectory and describe spiral paths, the 
curvature of which depends upon the velocity of the particle and the strength of 


different sources. Very 



a curve such as that of Fig. 64 
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the magnetic field. For a given current through the lens, only particles of a wel 
defined uniform velocity can enter the counter tube. By altenng the current it is 
possible to bring the whole range of particles, from those with the low^t velocity 
m those with the highest, on to the counter, and thus to determine the fraction 

of the total number possessing each velocity. r ,u /? 

The energy liberated in /^-decay is given by the maximum energy of the (S- 

particles, and not by their average energy. This follows from the m“rgy 

equivalence law- (p. 567) and the loss of mass in^ecay processess, and from other 

evidence (ci. p. 529). /^-particles thus possess much le^ energy than is 

liberated bv the//-disintegration of the nucleus. To explain this disappearance of 

energy*, the livpothcsis has been put forward that in the act of/ 3 -decay, the nucleus 

emits not only positrons or electrons, but also another type of particle which is 

uncharged and which has not yet been directly detected. The mass of this particle 

is certainly much smaller than that of the neutron, and probably considerably 

smaller than that of the electron; it is possible that, like a light quantum, its rest- 

mass is zero. This hypothetical particle is known as the mutrino. 

Ithas already been mentioned that, as 

with a-decay, the nuclei of the products 
of ^-disintegration processes are fre¬ 
quently formed in an excited sute. 
When this is the case, it is usually found 
that several different groups of ^-par¬ 
ticles are emitted, each of which posses¬ 
ses a continuous ^-ray spectrum of the 
type shown in Fig. 64, but charac¬ 
terised by different values for the 
maximum energy iFjQax- Since the 
various ^-particle spectra are super¬ 
posed on one another, it is often 
difficult or quite impossible to deter¬ 
mine the maximum energies of the 
various groups of particles directly. 
However, in order to determine the 
disintegration energy from the energy 
of the /3-particles, it is usually sufficient 
to know the maximum energy for a 
single group of particles, provided that 
there is trustworthy evidence as to 
which of the y-rays that are always ob¬ 
served in such cases is to be associated 
with the emission of the particular 
selected group of ^-particles. Fig. 65 
represents a case in which it has been 
possible to evaluate the maximum ener¬ 
gy for every group of ^-particles emitted. The nuclear energy levels deduced from 
these measurements are in excellent accord with those inferred from the observed 

* If there were no emission of neutrinos, thc^-dccay process would infringe the principle 
of conservation of angular momentum, as well as the law of conservation of enei^. 
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Fig. 65. ^-Decay of neptunium (“’Np), and 
y-radiation of the excited plutonium nucleus 
which is thereby formed. 

Numbers beside the arrows show the maxi¬ 
mum energies of the various groups of /?- 
particles, or the energies of the y-rays (both 
in mcv). To the left of the energy levels 
of the excited slate are shown the differen¬ 
ces between excited and ground states, as 
inferred from the ^-particle energies. Shown 
in brackets are the percentages of the total 
number of ^-particles to be assigned to 

each group. 
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y-radiation*. The particular decay scheme represented in Eis^. 65 ^ that of the 
transuranic element neptunium; it is relatiscly simple, and corresponds rather 
closely to the scheme shown in Fig. 63 for disintegration arid emission of ses eral 
groups of a-particles. A rather more complex decay scheme is shown in fig. 73 
(P- 580). This relates to an example in which the nucleus emitting the/^-particle 
andthenucleusformedas the product of /i-decay may both exist in several differ¬ 
ent energy states. 


7, Emanations and Active Deposits; the Thorium 

Disintegration Series 


Evidence that radioactive processes were associated with transmutation of the 
elements was first provided by the study of the emanations and the active deposits. 

The term emanations is applied to gaseous substances, themselves radioactive, 
which are continuously evolved from the elements radium, actinium, and thorium. 
As has previously been stated, these emanations have the chemical character of 

inert gases (Vol. I, p- 122). 

The first radioactive gas to be discovered was thorium emanation, detected by Owens and 
Rutherford (1899-1900) shortly after the observation that thorium was radioactive. 
Radium emanation and actinium emanation were discovered shortly afterwards. 


The processes associated with the formation and decay of the emanations proved 
to be of fundamental importance in formulating the disintegration theory. It is 
convenient to consider them in more detail with reference to the thorium series 
(Table 57, p. 528), since the systcmatics were first worked out for the substances 

of this disintegration series. 

The discovery of thorium emanation was made in the following way. A number of 
observers had noticed that the radioactivity of thorium compounds was often very variable, 
when the substances were handled in open vessels, whereas when they were investigated m 
closed containers it was found that the activity grew unUl it reached a constant final value. 
If however a stream of air was passed through the vessel, the intensity of the radiation 

diininished 'again. Owens showed that the radiatiom could pass through ^ 
which would^completely absorb the ordinary a-radiation. Rutherford explained all the 
obse^ations by th^ hypothesis that thorium preparations imparted to the air some kind of 
;“whichTer. Ufcmsdv« the sources of radioactive radiadons. He w-Jo show 

fhat these particles behaved just like a gas; they “ J'Xfueh 

nass through a cotton wool filter and were not removed from it by bubbling through wa er, 
diey could diffuse through paper, but were completely stopped by a thin sheet of mica. 

Rutherford found that any object coming into contact with the emanation itself 
became radioactive. This ‘induced radioactivity, as Rutherford showed, was a- 
tributable to the deposition of radioactive solid particles, the active deport, from 
the emanation on the surface of the object He proved. 

deposit must be composite in character. The form of the curve relating ^e induced 
aclwty with time was found to depend upon the duration of the ^posme of he 
object to the emanation (cf Fig. 66). Rutherf^ord inferred from he ^ ‘he 
activity-time curve that the active deposit of thorium must consist of at least two 

• Note that the /-radiation leads nut direcUy to the energy levels themselves, but to the 
differences between them. 
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products, of different half-lives. These decay products are now known as thorium B 
and thorium C. 

It was soon found to be possible to separate these two substances through their different 
volatilities; thorium B volatilizes at about tooo“. The remaining thorium C then gives a 

half life of about i hour. The curve obtained 
after long times of exposure, showing the decay 
of the induced activity (Curve II, Fig. 66), yields 
a half-life of about 12 hours, which must be 
attributed to thorium B. The two curves of 
Fig. 66 can be simply explained by the assump¬ 
tion that thorium C is formed from thorium B, 
which has a half-lifeofabout 12 hours (1 o.6hours 
according to more recent measurements) but 
decays without itselfemitting a-rays. After short 
exposures, the deposit consists almost entirely 
of thorium B. The a-ray activity is at first zero; 
but grows in the same measure as thorium C 
accumulated through the decay of thorium B. 
However, since thorium C decays rapidly, 
the amount of it begins to diminish again as 
soon as the quantity of thorium B has become 
so small that the rate at which thorium C is 
formed from it can no longer keep pace with 
the rate of decay of thorium C. After a long 
exposure to emanation, however, the quantity 
of thorium C coiTesp>onding to the thorium B 
is already present in the deposit from the start of the observations. All that is then observed 
is a straightforward decay of the activity, as shown in curve II. This is determined by the 
decreasing rate of production of thorium C 
from thorium B. It thus represents the 
decrease in the quantity of thorium B, even 
though the a-particles counted are not those 
of thorium B but of its daughter product. 

In 1906, Hahn concluded thatthoriumC 
must also be complex in nature, from the 
fact that it emits a-particles of twodifferent 
ranges. During the following ten years, the 
theory of the dual or disintegration 

of thorium C was worked out. According 
to this, thorium C may dbintegrate either 
by ejecting a a-particle and then an ^-par¬ 
ticle, or alternatively first by ^-emission and 
then by a-emission. In either case, the end 
product is an inactive isotope of lead, tho¬ 
rium D (thorium lead). The second man¬ 
ner of disintegration furnishes a species of 
extraordinarily short half-life, thorium C'; 
it is impossible to measure the half-life 
directly, but by application of the Geiger- 
Nuttall relation (p. 515) is has been est¬ 
imated at about 3 • lo"’ seconds. Another 
short-lived element, although far longer 
lived than thorium C', is thorium A. Its 
existence was first inferred by Geiger and 
Rutherford in 1911, from Geiger and Mars- 
den’s observation that thorium emanation 
emits a-particles of two distinctly differ¬ 
ent ranges. 



Fig. 67. The activity of thorium, after sepa¬ 
ration of thorium X, increases with time 
(curve I) in the same measure as the activity 
of the separated thorium X decays (curve 
II). [The departure of the curv« from 
their normal course during the first two days 
is associated with the formation and decay 
of other disintegration products of tho¬ 
rium—the active deposits.] 



Fig. 66. The rate of decay of the ‘in¬ 
duced’ activity is dependent upon the 
length of exposure. Curve I is obtained 
after short exposure times, curve II after 
long exposure times. 
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In the meanwhile, the species in the tlioriuni disintegration scries wliic h precede 
thorium emanation had also been investigated. Sir W’illiatn Crot)kes, in 1900, 
showed that it was possible by chemical means to isolate from uranium a substance 
which hadafarstrongeraction on the photographic plate than had uranium itself. 
This substance was called uranium X (now known as uranium X,). In 1902, 
Rutherford and Soddy found that they could isolate some substance chemically 
from thonum, which was several thousand times as active as the thorium from 
which it had been obtained. By analog^’ with uranium X, this was called thorium 
X. When the radioactivity of the thorium which had been freed from thorium X 
was compared with the activity of the thorium X removed from it, the remarkable 
observation was made that the activity of the thorium X gradually decayed by an 
amount exactly equivalent to the progressive recovery of the activity of the thorium 
(Fig. 67). It was the closer study of this phenomenon, in relation to thorium X and 
uranium X, that led Rutherford to the formulation of the atomic disintegration 
theory of radioactivity. 

Rutherford showed that the peculiar relation between the changes of activity of the 
thorium and the thorium X could be explained if the thorium continuously produced 
thorium X, at a constant rale, while the activity of the latter decayed according to an 
exponential law. 

Let there be JVj atoms of thorium, and TVj atoms of thorium X in the preparation at any 
instant, and let the fraction A, of the thorium atoms change into thorium X atoms each 
second. The decay constant of thorium X is A„ i.e., the rate of disintegration of the thorium 
X atoms at any instant is given by Ag • TVj. Then the rate of change of the thorium X present 


IS 


dr 


= (rate of formation) - (rate of disintegration) — 


For a pure preparation of separated thorium X, .Yj = o. 
Hence 


d.Y, _ 

dr 


= — A, • Y, 


or 


^^ = A,-dr 

K 


{>0 


Integrating this equation over the time interval r = o to r = r, we obtain the general law 
for the decay of a radioelement, already referred to on p. 514: 


log 


^a 

• ^a. 


= A* - r 


or 




(12) 


where is the number of atoms of thorium X present at zero time, and A",, is the number 
remaining after the time t. 

For the more general case, we may write (i i) in the form 


dJ^t 

dr 




or 


dLY, _ 




A. 


= — A,dr, 


Integrating this equation as before, and taking the initial value of .Y, as zero, to represent 
the growth of thorium X activity in the separated thorium, 

(>-e-V) 


(‘ 3 ) 
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It is t vidcnl that after a long time, as / — oo, e V — o, so that 



i.c., 





The rate at which thorium X is being formed is then equal to the rate at which it is dis¬ 
integrating; (i4> is accordingly obtained by writing = o in eqn. (ii). 


Equation (14) brings out an important relationship between the quantities of the various 
members of a radioactive disintegration series. The decay of each member of any dis- 
int< gration series is governed by the first-order kinetic law embodied in eqns. (11) and {12), 
uith the appropriate values for the decay constant A. For each successive member, the rate 
of disintegration is proportional to the quantity of that species present, and this in turn, 
for all except the first member of the scries, depends upon the rate at which it is being formed 
from its parent element. Ultimately a state of radioactive equilibrium is attained, in which the 
quantity of each radioactive element formed in unit time exactly balances the amount 
dec aying. If the rate of formation is less than the rate of decay, the quantity of the element 
present decreases until the decay rate is correspondingly reduced. Conversely, if the rate at 
which it is produced is greater than the rale of decay, the quantity present increases, and 
with it the rat<‘ of disintegration, until equilibrium is reached. Equation (14) gives the 
general relation between the number of atoms of each species. N^, A2, , etc., and 

their decay constants. A,, A,. A^. etc.: 


A,A", = Aj^j = Aj^Vj, etc. 
or. in terms of the half-lives t\, f',, etc.. 


t'l I'z 



etc. 


(14a) 


(14b) 


The condition for attainment of equilibrium is that the first member of the scries should be 
an element of very long half-life, so that its activity is sensibly constant. If elements with a 
long half-life (i.e.. a small disintegration constant) occur in the middle of the disintegration 
scries, long periods of time must elapse before radioactive equilibrium is attained. 


In a scries of investigations (1905 and later) by Hahn and others, it was shown 
that thorium X is not produced directly from thorium, but is actually formed by 
the decay of another strongly radioactive substance, radiothorium. Radiothorium 
was discovered almost simultaneously by Hahn, in the residues obtained in the 
extraction of thorium from thorianite, and by Blanc in sediments from radioactive 
mineral water. Subsequent study revealed that radiothorium was so closely 
identical with thorium, in its chemical properties, that it was impossible to separate 
thorium and radiothorium by any chemical means. It is possible, however, to 
isolate radiothorium free from thorium, because the former is produced by the 
decay of yet another chemically quite distinct element, mesothorium. 


Even before it had been successfully separated from thorium, the existence of the last- 
mentioned intermediate product had been inferred by Hahn, from the fact that commercial 
thorium preparations (which were generally older preparations) often differed very 
appreciably in a-particle activity from those which investigators had themselves prepared 
from minerals; other workers had previously made the same observation. Radiothorium is 
initially present in freshly prepared thorium in amounts corresponding to radiochemical 
equilibrium. If it were produced directly from thorium, the radiothorium would remain 
constant in amount and activity, whereas it is found to decrease at first, and then to build up 
again to the amount corresponding to radioactive equilibrium. This behavior can only Iw 
explained if, between thorium and radiothorium, some other substance is interposed, with a 
relatively long half-life as compared with radiothorium. This cannot be an a-cmitter, and 
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must be absent from fresh thorium [irepa rat ions ; h< nee it is chemu alls <hstin< t from thorium. 
Shortly afterwards Boltwood confirm<-<l this hypoih<*sis by sliowinf> tliat niesoihorium (ould 
readily be separated chemically from thorium. I he half-lif«‘ ol nn'sothoruiin is (>,7 vears; 
that of radiothorium is 1.9 years. 

In 19081 Hahn found that mesothorium could be chemually resoKc'd into two distinct 
elements, mesothorium 1 and mesothorium j. I hi* lati«T is a decay produc t of tin former, 
and rapidly changes into radiothorium. 

The decay of thorium to its ultimate inactive cncJ-procluct (tliorium lead) ilms invoh es 
a great number of intermediate steps. In thorium preparations of sufficient age - and 
especially in thorium minerals—all of these have cotne into radioac tive equilibrium. 


Table 57 shows the species formed successively by the radioactive disintegratioti 
of thorium; the genetic relations between them, and the direction of the changes, 
are indicated by the arrows. Against each arrow is shown the type of radiation 
emitted during the disintegration. Tlie other columns give tlie ranges of the a- 
particles emitted, half-lives, and atomic numbers and atomic weights of the dis¬ 
integration products, as deduced from the displacement law (p. 529). The atomic 
weight of the stable end-product, ihorium lead, has been verified experimentally 
with lead isolated from thorium minerals, and has been shown to agree with 
expectations based on the disintegration theory. As may be seen from Table 57, 
alternative modes of disintegration may be followed in the case of thorium C and 
also of ihorium A. The dual decay of thorium C has long been known, but that 
of thorium A was discovered relatively recently. Just as thorium C' and thorium C" 
both change to the same product, thorium D, so both the products of the dual 
decay of thorium A are transformed to the same species, thorium C. In column 7 
of Table 57 arc shown the quantities of the individual disintegration products 
present at equilibrium in a metric ton of thorium*. The last column is discussed 
on p. 530. 

One of the disintegration products of thorium, mesothorium (the mixture of 
MsTh, and MsThj in radioactive equilibrium) has practical applications. It is 
prepared from monazile sand, as is thorium. Since a-emitting disintegration 
products (RdTh, etc) are rapidly formed from it, it can be used for many purposes 
in place of radium. It has the disadvantage, however, that its activity diminishes 
to an appreciable extent after on’y a few years. Because it is short-lived, meso¬ 
thorium is relatively much more active than radium, and for a given level of 
activity, fresh mesothorium preparations are much cheaper than radium prepa¬ 
rations. Mesothorium is therefore used in radioactive self-luminous paints, and 
also to some extent for medical irradiation purposes. 

It may be seen from the Table that dual disintegration processes occur at several 
places in the thorium series. The disintegration is said to undergo branching. The 
side branches shown in Table 57 all later reunite in the main series. If the same 
decay product is formed by way of alternative intermediates, it follows that the 
summ of the several disintegration energies must be the same for both paths. Thus 
the net energy liberated must be the same, whether thorium C changes into 
thorium D by way of thorium C' (i.e., as a result of a ^-decay followed by an 
a-decay), or whether the thorium D is formed by way of thorium C" (i.e. by an 
a-decay process followed by a /?-decay). It can be seen from the data listed in 

• These values are obtained from the half-lives listed in column 6, together with the 
ratios of the atomic weights to that of thorium. Due allowance has to be made for branching 
ratios in the case of the decay products of thorium A and thorium C. 
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Table 58 that this is, in fact, the case. The thorium D nucleus formed by /'^-decay 
of thorium C" is initially formed in an excited stale, from which it passes to the 
ground state with the emission of y-radiation*. This y-radiation must, of course, 
be allowed for in drawing up the total energy balance. It is onl\- possible to obtain 
agreement for the total energ\- of disintegration by the two paths if, in each case, 
the energ>' of the ^-decay step is taken as being the maxirnur/i kinetic energy’ of the 
/S-particles, not the mean energy. This is one of the experimental grounds for 
identifying the maximum energy, not the mean, with the energy of ^-decay 
processes. 


TABLE 58 


ENERGY BALANCE FOR THE FOR.MATION OF THORIUM D FRO.M THORIUM C 


VIA THORIUM 

c' AND VIA 

THORIUM C" RESPECTIVELY 



Energy 


Energy 


in mev 


in mev 

^-Particles from ThC 

2.256 

a-Particles from ThC 

6.084 


Energy of recoil atom 

0. M 7 

a-Particles from ThC' 

8.776 

^-Particles from ThC” 

>•792 

Eneigy of recoil atoms 

0.166 

y-Rays from excited ThD nucleus 3.204 

Total 

11.198 

Total 

11.197 


8. Chemical Nature of the Disintegration Products 

(a) The Displacement Laws 

The chemical nature of the disintegration products is governed by the two 
displacement laws first framed by Soddy and Fajans. 

(1) After any radioactive transformation involving emission of an a-particle, 
the resulting element belongs to the group standing two places to the left 
of that containing the parent element. 

(2) A transformation involving emission of a / 5 -ray displaces the resulting 
element one place to the right in the Periodic System. 

Thus radium, atomic number 88, belonging to Group II of the Periodic System, 
ejects an a-particle to form radon (radium emanation), atomic number 86, which 
belongs to Group o (or Main Group VIII). This, by a further a-particle emission, 
yields an element (atomic number 84) having propiertics which allocate it to the 
Vlth Group of the Tabic. This is radium A, which decays by ejecting yet another 
a-particle, to g^ve the element of atomic number 82, belonging to Group IV (i.e., 
radium B). This emits a / 3 -particIe, so that the resulting element, radium C, must 
belong to Group V, and must have the atomic number 83 (cf. Table 59). The 
atomic numbers of the elements of the thorium series, shown in Table 57, follow 
from the displacement laws in an analogous manner. 

These displacement laws are a direct consequence of the disintegration theory, 

• There arc actually at least six excited states in which the ThD nucleus may be produced 
by the ^-dccay of thorium C'. In the great majority of disintegrations, however, the product 
nucleus is left in the state in which it has an energy 3.204 mev above the ground state. 
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if it is assumed that the a- and /J-partirles originate in the nucleus of the disinte¬ 
grating atoms. They have been amply confirmed by many chemical investi¬ 
gations of the elements formed in radioactive change. 


(b) Atomic Weights of the Disintegration Products 

The disintegration theory predicts not only the place of the disintegration 
products in the Periodic Table, but also their atomic weights. The emission of an 
a-particle must decrease the mas.s of the nucleus, and therefore the atomic weight, 
by about 4 units, whereas emission of a / 9 -particle results in a negligible change in 
mass. Thus a-emission produces an element with atomic weight about 4 units 
lower than that of the parent element, whereas / 9 -emission produces an element 
with practically the same atomic weight as the parent element (isobaric with it) 

In brief: when an atom loses an a-particle, it is transformed into a new atomic 
species with an atomic number (nuclear charge) 2 units lower than the original, 
and an atomic weight 4 units less; loss of a / 9 -particle raises the atomic number 
(nuclear charge) by one unit, but does not sensibly affect the atomic weight. 

For the loss of mass which, according to the mass-energy equivalence principle, must be 
associated with the liberation of energy in radioactive disintegration, see p. 567. 


(c) Isotopy 

All the products of radioactive change are chemical elements, but in assigning 
them to positions in the Periodic System it is in many cases necessary to place them 
in positions already allocated to other atomic species, differing in the stability of 
their atoms, and also, as a rule, in atomic weight. This phenomenon is known as 
isotopy. Isotopes are thus elementary substances in the chemical sense, which must 
be assigned to the same position of the Periodic Table (^v to) taw Tdreo)) since their 
atoms bear the same nuclear charge. The last column of Table 57 shows the 
nuclear species which are isotopic with the substances listed in column i. The 
nuclear charge determines the number and arrangement of the electrons in the 
extranuclcar structure of the atom, and these in turn define the chemical proper¬ 
ties. It follows that isotopic substances are practically identical in chemical properties. Once 
they have been mixed together, it is therefore impossible to separate isotopic 
substances by chemical means. 

Hence, from the chemical standpoint, a mixture of isotopes must be regarded as a 
single chemical element. However, as will be shown in the next chapter, the statement 
that mixtures of isotopes are inseparable by chemical processes is true only with 
reservations. For this reason a chemical element is now no longer to be defined as a 
substance which cannot be resolved by any chemical meanSy but rather as one of which 
all the atoms possess the same nuclear charge (or atomic number). 

(d) Fajans* Precipitation Role and Paneth’s Adsorption Role 

In many cases, the elements produced by radioactive change can be obtained 
only in the most minute amounts, because of their instability. It is therefore 
impossible to carry out one of the most important types of chemical reaction— 
namely precipitation from solutions—because it is impossible to attain solutions of 
sufficient concentration for the solubility product to be attained, even with a great 
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excess of reagents. Fajans found, however, that ihe bcliavior oi radioclenieius 
conformed with the following rule: 

Even when present in unweighably small quantities, a radioelcment will be co¬ 
precipitated with some other substance if the conditions of its precipitation are .such 
that the radioelement would form a sparingly soluble compound il it were present 
in weighable quantities. 

This phenomenon is to be explained on the basis of Paneth’s adsorption rule: 

A solid substance strongly adsorbs those radioeletnents \shich give rise to in¬ 
soluble or sparingly soluble compotmds with the electronegative component facitl 
radical) of the adsorbent. 


Since they were first staled, many exceptions to these rul<s have been dis(o\«rrd. 
According to Hahn, the following modified rules are strictly true. 

(t) Precipilalion Pule. However great the dilution, an element will be carried down by a 
crystalline precipitate, pro\’ided that it can be built into the crystal lattice of the precipitate-. 
If it cannot be so incorporated, it will remain in solution, even though its compound with 
the oppositely charged component of the crystal lattice is insoluble in the solvent concerned. 

In considering the applicability of thi.s rule, it must be borne in mind that foreign 
substances can be incorporated in minimal concentrations in a crystal lattice through tlic 
formation of‘anomalous mixed crystals’, and by ‘inner adsorption’ (p. 541). 

(«) Adsorption Rule. .\n clement is strongly adsorbed on a precipitate, esen from very 
highly dilute solution, if the precipitate bears a surface charge of opposite sign to that borne 
by the element in question, and provided that the adsorbed compound is very sparingly 
soluble in the solvent. 

A precipitate bears a positive or negative surface charge, according to whether the cation 
or the anion of the compound is present in slight exct*ss in the solution with which it is in 
contact. Thus calcium sulfate is obtained in a surface-active form when it is rapidly 
precipitated by adding alcohol to a solution containing an excess of SO,“ ions, which confer 
on it a negative surface charge. Under these conditions, it carries ThB almost quantitatively 
down from solution by adsorption. If, however, it is precipitated in the same way from a 
solution containing excess Ca'*”*' ions, it carries down but very little ThB. If the calcium 
sulfate is allowed to crystallize slowly, so that adsorption becomes negligible because of the 
small surface area, no ThB is carried down at all, even though ThB, as an isotope of lead, 
would form an insoluble compound under just the same conditions, if it were present in 
weighable amounts. Lead suifkte cannot be incorporated in the crystal lattice of calcium 
sulfate, hence ThB is not built in to the structure. Therefore ThB is not precipitated, in 
accordance with Hahn’s precipitation rule, whereas on the basis of Fajans’ rule it would be 
expected that ThB should be carried down even when precipitation and crystallization 
occur slowly. ThX, which is isotopic with radium, behaves similarly to ThB under the same 
conditions. 


9. The Uranium-Radium Disintegration Series 

Table 59 shows the substances resulting successively from the disintegration of 
uranium, ending with the stable product, lead. As in Table 57, the genetic 
relationships are denoted by arrows. It may be seen that uranium gives rise to 
radium, by way of a number of intermediate steps. For this reason, radium 
always accompanies uranium in Nature. 

The rate of transformation of uranium into radium is extremely slow, since the half-life 
of uranium is about 4.5 • i o* years. Hence the intensity of the radiations emitted by uranium 
is very small as compared with that from radium, with its much more rapid decay rate 
(half-life 1590 years). It follows from the ratio of their half-lives that radium cannot 
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acrumulatc in any quantity in uranium ores. From cqn. (14), p. 526. it may be calculated 
that onlv g of radium will be present at equilibrium with the uranium I*contamed in 

1000 kg {- I metric ton) of uranium. 

One of the intermediate products in the transformation of uranium into radium 
is isotopic with the starting material, and like the first member of the series it has a 
\ciy long half-life. Ordinary uranium is therefore invariably a mixture of these 
two isotopes. In radiochemistr^', these isotopes are distinguished as uranium I and 
iiratiiurn II, respectively. ^Natural uranium also contains a third isotope, of mass 
-2 V\ which is also known as actinouranium since it is the first member of the 
actinium decay series. 

Fvidener that naturally occurring uranium consists of three isotopes was first obtained 
from the study of its radiations. Thus the existence of the two isotopes U I and U II was 
inferred from the observation that uranium which was quite pure in the chemical sense 
emitted two distinctly different groups of a-rays, having ranges of 2.6 cm and 3.2 cm, 
respectively*. By application of the Gcigcr-Nuttall relation, the ratio of U I to U II can 
be worked out a.s approximately 1000 : i. 

Recent detenninatiors of the disintegration constants of U I and U II lead to a 

more precise value for the atomic ratio in natural uranium, 1 : 5.i4 io-». 

The compcjsilion of uranium in atoms per cent then becomes 99.280% *”U, 
0.715% 0.005% O'" weight per cent, 99.289% ‘“U, 0.706% 

and 0.005% Using the masses of the uranium isotopes listed in Table 59, 

the isotope ratios lead to a physical atomic weight of 238.108 for natural uranium, 
and a chemical atomic weight of 238.04. The atomic weight determined by 
chemical methods is 238.07. 

Uranium II is derived from uranium I by an a*particle change followed by two /?• 
particle changes. The two ) 9 -emitters formed as intermediates are known as uranium Jf, and 
uranium A',. Uranium X,, an isotope of thorium, can readily be separated chemically from 
uranium, and it was discovered by Crookes as early as 1900. The existence of uranium X, 
was originally inferred from the displacement law, since the isotopy of uranium II with 
uranium I necessarily implied that the a-parlicle transformation of U I must be followed by 
two, and not one, ^-particle changes. The chemical separation of uranium X, from its 
parent uranium X^ was first achieved by Fajans, in 1913. The chemical behavior of 
uranium X, and the displacement law both indicated that it must be assigned to a position 
in the Periwlic System, as that time unoccupied, belonging to a homologue of tantalum. 
As a new chemical element, it was given a special name—‘brevium’, in reference to its 
short half-life. Since the discovery of the long-lived protactinium, it has been usual to 
consider the latter as the typical chemical representative of the species with atomic number 
gi. There is therefore no need for a special name for uranium Xj. 

Radioactive disintegration of uranium X^, by emission of a ^-particle, can pvc rise to 
another nuclear species, kno\vn as uranium Z, instead of to uranium X***. Uranium Z was 

* The range of a-particles from *^‘U differs very little from that of the particles from U I. 
The existence of the third isotope was first deduced from that fact that, like radium, 
actinium is always present in uranium minerals, and the actinium: uranium ratio is constant. 
At first it appeared possible that U I or U II might undergo a dual or branching decay, 
and thereby give rise to the actinium disintegration series. This possibility had to be aban¬ 
doned when the atomic weight of protactinium was found to be an odd number (231), 
since that implied that the parent member of the whole series must also have an odd atomic 
weight, whereas U I and U II have even mass numbers. 

•*This phenomenon, known as nucUar isomerism has subsequently been met with in many 

instances among the artifically produced radioactive elements. 
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discovered by Hahn in 1921, by applyint» to uranium salts (which were- prartiialK’ free 
from protactinium) the same methods of separation as had btert used for tin- <-xtrartion of 
protactinium from pitchblende residues (cf. p. 117). He added a small amount of a lantalurn 
salt to the uranium salt solution, and precipitated the tantalum 'carrier'. Uranium Z dlHVrs 
from uranium Xj in its much longer half-life (6.7 hrs), and from protactinium both by 
its much shorter half-life and in that it decays with emission of a /^-particle. The a* ti\ity 
of uranium Z is very small as compared with that of uranium X, with w hich It is in radio- 
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1 

1 ^ 

r L. 

1 



Amount in 

Element 

-D 

s 

.k 0 
£ c 

0 E 

1 

1 

Atomic 
[ weight 

W 

0 •- 

U'Z ^ 

S c 

Half-life 

radioactive 

equilibrium 


C/D 

< c 



with 1000 kg 







of uranium 

Uranium I 

U I 

92 

1 

238.07 

; 2.63 cm 

4.515- lo'yrs 

99*^-9 kg 

1 

a i 

Uranium X, 

1 L'X, 

1 90 

1 

1 

1 234 

1 

24.10 days 

1.426- IO"^g 

^ 1 y 

1 

1 

1 



Uranium Xj 0.15% 

99*85% iyfi.t.) 

: ux, 

1 

91 

1 

1 

! 234 

1 

1.14 min 

4.G8 • 10 

i 

^ Uranium Z 

1 uz 

i 91 

i 234 


6.7 hrs 

2.5 • 10 g 

/SI 

1 

1 

1 




Uranium II 

1 U II 

1 92 

234 

1 3.22 cm 

2.32 • 10^ yrs 

50.1 g 

a 1 

Ionium 

1 lo 

1 

90 

230 

t 

; 3 ' 3 cm ; 

8.3 * 10* yrs 

‘ 7 - 6 g 

a 1 y 

Radium 

Ra 

88 

< 226.05 

1 

1 

3.30 cm i 

1 

1 

1590 yrs 

1 

0.332 g 

a 1 y 

Radium emanation 

1 

4 

1 

iRaEm 

1 

1 86 , 

1 

» 

i 222 

1 1 

1 1 

4.06 cm 

3.825 days 

1 

2.147 • '0'"g 

a 1 (radon) 




1 

Radium A ' j 

RaA 

84 

2t8 

1 

4.67 cm 

3.05 min 

1.16 * 10'* g 

99 * 97 % a * ^' 0.03% 







Radium B 

1 

^ y 1“ Radium- 

RaB 

82 

214 


26.8 min 

I.OI - I 0 '®g 

RaAt 

85 

218 

5.53 cm 

a few sec ' 

ca. 1 • 10"** g 

1 a 1 astatine 





1 

1 


RadiumC—| 

RaC 

83 

214 

4.1 cm 

19.7 min 

7*4 ■ 

0*04% 99*96%i ^ 1 0.1% 







a p ' Emanation 

«»Em 

86 

218 

6.1 cm 

0.019 sec 

ca. I - io~'* g 

1 a 1 218 







Radium C' 

1 a 

Radium C' 

RaC' 

84 

214 

6.95 cm 

1.5 • lo^^sec 

9.1 • IO~*® g 

RaC' 

81 

210 

—» 

1.32 min 

1.95 • io-*®g 

^1 y 

Radium D 

RaD 

82 

210 


22.3 yrs 

4.32 • 10-3 g 

Piy 







Radium E- 

RaE 

83 

210 


4.95 days 

2.63 • lO"* g 

^1 y a 5 ' I0‘®% 



1 

j 



Radium F 
(Polonium) | 

RaF 

(Po) 

84 

210 

3.85 cm 

138.8 days 

7.37 • 10-®g 

a y Thallium 206 

«»T 1 

81 

206 


4.23 min 

7*0 • 10“*® g 

1 / 9 | 





stable 


Radium G 

RaG 

82 

206.0 


CO 

(Uranium lead) 

(“•Pb)| 



1 

i 
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librium .'only about ■ ,». as strong), and it must therefore be very rigorously 

pur.lied from uranium X, if it is to be identified by its decay curve. 

Uranium /. is formed from uranium X. by a ^Klecay process, ^ also rs uraniurn X,. 
rhe rt-decav of uranium X, leads to uranium II, and the /J-decay of uranium Z inust also 
aive rise m uranium II, since uranium Z (like uranium X,) comes from uranium X, itself, 
a d not from one of its isotopes. Uranium X. and uranium Z thm present us with a peculiar 
sii iLn in that two atomic species are not only chemically identical and have the same 
alomic w'eigbt (i.e., are both isotopic and isobaric), but they emit the same qualitative kind 
of radiation f/l-rays, but of dilTcrcnt energies) and furnish the same pr^uct. 

1 bis pbenomrnon is known as nudrar isomerism. It has since been found to occur fre- 

nurntlv among the artificially produced radioactive species. • 7 f 

It was formerly considered that the formation of uranium X, and uranium Z from 
uranium X, represented a dual decay scheme for the latter. It has been found, however, 
t at the acb^al course is rather different. Uranium Z is not formed directly from uranium X., 
l,ut from a ponton of the urapium X„ which is the primary decay product. The greater 
part (n9.B5"„) of the uranium X, disintegrates directly by a Mccay pr«ess to uranium II. 

smal?fraction (0.15%) of the uranium X„ however, undergoes a different change. This 
involves emission of y-radiation, and is known as an tromme (mtm/ion (i.t.) (ef. p. 578). 
Uranium Z is formed by an isomeric transition of uranium X,-l.e„ by a prcjcess of pure 
y.ray emission, without n- or /(-radiation. Formation of nuclear isomers by similar processes 
Ls been observed in numerous instances among artificially produced radioelernents. 
Nuclear isomers can also be formed by other processes, besides isomeric transitions. These 

will be considered in Chap. 13. . , • . • j- _ 

‘Branching’, or dual decay schemes, are found at several places m the uranium-radium 

disintegration scries. The dual decay of radium A and radium C corres^nds to 

of thorium A and thorium C, respectively. There is also a third branching which has no 

counterpart in the thorium series. Radium-astatine, one of the products of the dua^ decay 

of radium A, also has two alternative modes of disintegration: to form either radi^ C 

or a gaseous disintegration product, an emanation. The latter has the same atomic number as 

radium emanation, but a different atomic weight and a very different half-life. Thm there 

are two emanations within the radium decay series. The emanation isotope formed from 

radium-astatine is produced in such extraordinarily small amounts, however, that it can 

not be detected vrithout the use of special techniques. . . „ . a j 

A fourth branching occurs at radium E. This disintegrates principally by ^-decay 
forming radium F (polonium). A small fraction, however, (0.00005%) disintegrates by 
Q-decay, giving rise to a short-lived thallium isotope («‘Tl). This disintegrates by Mecay, 
radium F by a-decay. In both cases there is formed radium G, the end product of the 

uranium-radium disintegration scries. .... . 

Ionium, the decay product of uranium II and the parent of radium, was fint discovered 
by Boltwood, in 1907, in uranium minerals. Since ionium is isotopic with thorium and can- 
not be separated from it, and since thorium minerals almost always contain a little uranium, 
together with its decay products, thorium preparations almost invariably contain radio* 
actively significant amounts of ionium. The half-life of ionium is so long that its activity 
does not diminish detectably in any times available for observation, whereas all the other 
thorium isotopes arc very short-lived. 

The most important member of the uranium disintegration scries is radium^ the 
chemical properties of which have been discussed in Vol. I. The decay of radium 
follows a scheme very similar to that of thorium. The first disintegration product is 
a gas, radium emanation or radon, which is transformed by way of radium A, radium 
B, and radium C (which has a dual decay) into radium D, in the same way as 
thorium emanation is transformed into thorium D. Whereas the latter is the stable 
end-product of the decay scries, radium D undergoes further decay. It is converted 
via radium E and radium F (identical with the polonium which can be extracted 
from uranium ores) into radium G, the stable end-product of the uranium-radium 
series. 

From the Soddy-Fajans displacement rules, radium G should have atomic 
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number 82 and atomic weight 206. Hence it slu)uld be chenucally idciuical with 
lead, although it has a difl'erent atomic weight. The same applies to thorium 1 ), 
which should have the atomic number 82 and atomic weight 208 accortling to tiic 
displacement laws. Convincing evidence in support of the displacement rules and 
hence for the theory of atomic disintegration upon which the\ were based- was 
forthcoming when it was proved experimentally that the lead present in uranium 
ores (uranium lead) had the atomic w’cight 206, and that in thorium ores (thorium 
lead) had the atomic weight 208, as compared with ordinary lead, with the atomic 
weight 207.2. 

Uranium lead is formed from uranium (atomic weight 238.07) by way of 8 u-pariiclc 
transformations in all. According to the displacement rules, the mass lost by each atom 

should be eight times the mass of a helium atom, giving a value of 238.07 - (8 x 4.0(»3) = 

206.05 for the atomic weight of the end-product*. In the same way, thorium lead should 
have the atomic weight 232.05 - (6 X 4.003) = 208.03*. Richards and Honigsehmid ( 1914 
and later) quite independently found from chemical determinations of the atomic weight 
that lead from vcr>’ pure uranium minerals and from the purest possible thorium minerals 
had atomic weights close to these values. Thus Honigsehmid found the value 206.05 for 
lead from the purest East .African pitchblende, and 206.06 for lead from Norwegian pitch¬ 
blende, as compared with 207.90 for lead from a Norwegian thorite, containing 30.1",, 
thorium but only 0.45^0 uranium, and 207.97 for a lead from a completely uranium-free 
thorium mineral. 

As has already been indicated, isotopic species of atoms are symbolized by writing the 
corresponding mass numbers against the chemical symbol**. Thus uranium lead (a lead 
isotope of mass 206) is represented by the symbol *°«Pb, and thorium lead by 3 o»Pb. As was 
first found by Aston (1927), using the mass spectrograph, ordinary' lead of atomic weight 
207.21 is a mixture of isotopes, with the mass numbers 206. 207 and 208. 

Aston found the ratio ”«Pb ; ^‘‘’Pb : ^'^“Pb == 100 : 11 : 4 in a uranium lead. The mineral 
from which the lead had been extracted contained a little thorium, and therefore the ^'''‘Pb 
isotope was not completely absent. A significant feature, however, is that the *°’Pb isotope 
is considerably more abundant than the '“Pb isotope, whereas the reverse is true of ordinary 
lead. It follows that the ”’Pb content cannot be attributed to contamination with ordinary 
lead, and it must be concluded that ^'’’Pb is formed from uranium by radioactive transform¬ 
ation, as is >®®Pb. It was an obvious assumption that “’Pb must have been formed frorna 
uranium isotope by way of the actinium scries. The existence of this isotope, and its 
genetic relation to the actinium series have subsequently been established by other means. 
In Tables 57, 59 and 60, those atomic weighu w'hich have been determined by chemical 
means arc printed in heavy type. Atomic weights given in ordinary type are those deduced 

from the displacement law. 

It has been found that a fourth isotope, *«Pb, is present in small amounts in 
ordinary lead, in addition to the three isotopes mentioned above. According to 


• Allowance should also be made for a small change in mass as a result of the eno^ous 
energy loss associated with the radiation (cf. p. 567). This has not been included m the 
above considerations, and amounts to 0.05 and 0.04 rnass umts for . 

** At the 17th Conference of the International Union of Pure and Applied Chemistiy, 
Stockholm 1953, the Committee for Nomenclature established the following rules for 

inorganic chemical nomenclature: 


left upper index - mass number 

left lower index - atomic number 

right lower index - number of atoms i. 

right upper index - ionic charge (indicated by n-f rather than by Tn). 

It has been the convention in British literature to write the mass 
cal symbol (eg., *®*Pb), whereas in American literature the mass number appears 
Se lymS (e.g . Pb*«). In this book, the Stockholm rules have been followed throughout. 
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Collins [Phys. Rev., 88 (1952) 1275], the ratio of the four isotopes in ordinary lead, 
by atoms, is “‘Pb : ““Pb : *®’Pb : *'>“Pb = 100 : 1845 : 1561 : 3840. 

The isotopic composition of lead in atoms per cent, given in Table 62, is based 
on these figures. The relative proportions of the lead isotopes are found to display 
certain variations, however, in lead ores which are free from thorium and uranium, 
depending on their source. Nier [Phys. Rev., 60 (1941) 112] has shown that the 
probable explanation of this is that the primeval rock, from which the lead 
minerals have been differentiated in the course of the earth’s evolution, contained 
thorium and uranium. The later the stage at which differentiation of the primeval 
mass occurred, the more ‘radiogenic’ lead was admixed with the original lead. 
This explanation is supported by the observation that in the ores investigated by 
Nier, the isotopes ‘“•Pb and *“*Pb were always enriched in practically the 
same ratio, as compared with the non-radiogenic *®<Pb. Furthermore, this ratio 
was about what would be expected if the Th : U ratio in the primeval rock 
corresponded to the average value now found for this ratio in the earth’s crust. 


10. The Actiniw 


$ $ 


Disintegration Series 


The members of the actinium disintegration series are shown in Table 60. The 
first member of the series is (actinouranium), and although this is present 
in natural uranium only to the extent of 0.71 %, the rates of conversion of natural 
uranium to actinium and to radium, respectively, are in the ratio 4.6 : 95.4, since 
has an appreciably shorter halfJife than uranium I. 

emits a-rays, and is converted into uranium T, a fairly short-lived isotope of thorium, 
Uranium Y emits / 3 -rays, to form protactinium, which was discussed in Chap. 4. As this is a 
long-lived clement, it is relatively highly enriched in uranium minerals, as is radi um , 
Actinium, on the other hand, has a relatively short half-life, and its concentration in ur anium 
ores is accordingly very minute. Actinium undergoes a dual decay. Radioadimum, formed 
by / 3 -decay, occupies the same place in the actinium series as does radiothorium in the 
thorium decay series, or ionium in the uranium-radium disintegration series. About 1% 
of the actinium atoms undergo the alternative a-particle decay, to form francium, the bomo- 
logue of cesium (cf. p. 593). 

Hyde and Ghiorso (1953) have shown that francium also undergoes dual decay. 
The greater proportion changes into actinium X, by emission of /^-radiation. At 
the same time, some emits a-rays and is thereby converted into astatine. There are 
thus two astatine isotopes in the actinium decay series, distinguished from one 
another in Table 60 as AcAtl and AcAtll. Actinium astatine II is formed by the 
/ 3 -decay of actinium A, together with a very much larger amount of actinium B 
produced by a-emission. It occupies the same place in the actinium decay series as 
do the astatine isotopes in the thorium and uranium-radium decay scries, and it 
was discovered roughly at the same time as the latter (by Karlik and Bcmert, 

^ 943) • Except for the differences occasioned by the existence of francium, the decay 
processes in the actinium series, from radioactinium onwards, correspond exactly 
with those in the thorium series. They are also essentially similar to those of the 
uranium-radium series. Like the thorium and uranium-radium series, the actinium 
series ends with a lead isotope, actinium D. 



10 


ACTINIUM DISINTEGRA riON SERIES 


,i37 


I ABLE Go 

ACTINIUM Dl!>INTECRAriON SERIES 










Amount in 






^ w 

L. ^ ft 


radioactive 


Element 


Symbol 

1 

1 

E-g 

0 E 

< i 

Atomi 

weigh 

1 s S..S 

1 

1 

Half-life 

equilibrium 
with Ac in 
1000 kg 
, of uranium 

Actinouranium 

t 


23 SU 

1 

92 

^35 

2.7 cm 

7.07 • 10" yrs 

7.0G kg 

a 

I 



1 




Uranium Y 


UY 

1 

, 9^ 

f 

1 

231 


24.6 hrs 

2.75 • 10 « g 

Protactinium 

t 


Pa 

' 9 ‘ 

231 

' 3.62 cm 

3.2 • 10* yrs 

o- 3>4 g 

a 

1 


1 





Actinium 


! Ac 

89 

227 


22 yrs 

1 

2.1 • 10 * g 

98.8% P \ a 

1.2% 


1 

1 


I 

Radioactinium 

i i 

RdAc 

90 

227 

4.67 cm 

18.6 days 

4.85 -10 »g 

i 

a 

y 



1 

1 


1 


Francium j 

Fr 1 

1 87 , 

, 223 

1 

1 21 inin 

, 4-5 ■ '0 g 

1 

; p i 99-996% 

1 

' 1 

1 1 



1 

t 

Actinium X 1 

1 

AcX 

' 88 

223 

1 

4.33 cm 

' 1 1.3 days 

2.93 ■ lo-^g 

a 

a i 0.004% 



1 


1 

1 


Actinium astatine I 

j 

AcAtl 

85 

2ig 

1 4.97 cm 

0.9 min 

1 

1 

8 • 10”'* g 

1 

i ^ i 3 % 





j 

1 

1 

Actiniurr 

a 

I emanation u 

J 

97% 

1 

AcEm 

86 

1 

a '9 , 

: 5-75 cm i 

3-92 sec I 

1.16 • I0 **g 

Bismuth ; 

^ P i 

215 

\ 

*‘»Bi 

83 ! 
1 

2'5 

1 


8 min 

6 • lo"’’ g. 

1 

1 


Actinium A 


AcA 

84 

215 

' 6.49 cm 

0.00183 sec 

1 5.3 • io-‘«g 

a 1 99.9995% /3 0.0005% 


1 


1 

1 

1 

1 

1 

A( 

ctinium B 

\ 

Y Actinium astatine II 

AcB 

82 1 

t 

21 1 

1 

1 ^ ^ 

1 1 
i 

36.1 min 

6.15 • IO‘“’g 


AcAtll 

1 

85 i 


1 

8.0 cm 

ca. io‘*sec 

ca. 10"** g 


a i 



1 



1 

1 

Actinium C 
^ 1 0.32% a 

99 - 68 % 

AcC 

83 1 

21 1 

1 

1 

5.46 cm 1 

2.16 min 

3.68 • I0"“ g 


:tinium C' 

Actinium C' 

AcC' 

84 

21 1 

6.59 cm 

1 

ca. 0.005 ®cc 

ca.5 • I0-'» g 

a 

AcC' 

81 

207 

1 — 

4.76 min 

7 - 93 * >o-“g 








1 

1 

Actinium D 


AcD 

82 

207 


Stable 

1 

00 

(actinium lead) 


(*«Pb) 



1 

i 

1 



Although uranium lead always contains the isotope formed from actinouranium, as 
well as the isotope *“Pb formed from uranium I, the former is present in such relatively 
small amount that it exerts but little influence on the atomic weight of the uranium lead. 
With the use of isotopic ratios given on p. 536 for the ^‘’‘Pb and *®’Pb in uranium lead, the 
final atomic weight works out at 0.09 mass units higher than was calculated without allow¬ 
ing for the actinium lead content. If allowance is made at the same time for the loss of 
mass in the form of the energy radiated (0.05 mass units), the atomic weight of uranium 
lead calculated from the disintegration theory is 206.09. This is in good agreement with 
Honigsehmid’s experimentally determined atomic weight of 206.05 or 206.06. 

A fourth decay series is found in Nature, in addition to the thorium, uranium- 
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radium and actinium series. This is the neptunium scries. The occurrence of neptu¬ 
nium and its decay products in Nature—namely in uranium minerals—was 
detected by Peppard (1952). They are only present in infinitesimal quantities, the 
maximum neptunium content of pitchblende being 1.8 • io“‘“ % ofits uranium 
content. 1‘or ifiis reason, the natural occurrence of this element and its decay 
products is not of practical significance. The radioactive properties of the members 
of the neptunium series have therefore not been studied from the naturally oc¬ 
curring material, but exclusively using radioactive materials of artificial origin. 
The neptunium series differs from the other three decay series in that the stable 
end member is not an isotope of lead, but oi bismuth. The neptunium decay series is 
further discussed at the end of Chap. 14. It will there be found that the other three 
decay series have also been extended by a considerable number of artificially pre¬ 
pared nuclear species, which are genetically related to the natural radio-elements. 

II. Place of the Radioactive Elements in the Periodic System 

Although radioactive transformations lead to the formation ofa large number of 
different substances, all of which are distinctly different in their radioactive proper¬ 
ties (e g., in their half-lives and in the nature of their decay products), these 
substances are actually distributed among only a few places in the Periodic 
System, as a result of the phenomenon of isotopy. All the radioactive elements of 
the three disintegration series discussed above, including the first and last members 
of each series, have atomic numbers ranging from 81 to 92. At least one radio¬ 
active species, and in most cases several (up to as many as seven) has to be assigned 
to each of the positions 81 to 92. Positions 81 and 82 are occupied by stable elements 
(thallium and lead), as well as the radioactive species. All the nuclear species corre¬ 
sponding to atomic numbers of 83 and above are unstable*. 

Only seven of the elements of atomic number lower than 81 have been found to 
be radioactive. These are lutetium (at. no. 71), samarium (at. no. 62), neodymium 
(at. no. 60), lanthanum (at. no. 57), indium (at. no. 49), rubidium (at. no. 37) 
and potassium (at. no. 19). These seven elements are all very weakly radioactive 
as compared with the elements of high atomic number. Thorium, which has the 
longest half-life of any of the elements heading the disintegration series, emits about 
too times as many rays per g atom in unit time as does samarium, and about 
1000 times as many as potassium. 

The radioactivity of lutetium, samarium, neodymium, lanthanum, indium, rubidium, 
and potassium arises from the presence of unstable isotopes in the naturally occurring 
elements. These unstable isotopes (with the exception of all have smaller decay rates 
than that of thorium. Lutetium contains the unstable isotope ^’'Lu, a / 3 -emitter, with a half- 
life of 2.4 • io‘® years, present to the extent of 2.5%. Samarium consists, to the extent of 
i4.62°/o,oftheunsUble‘*’Sm.Thiscmitsa-rays, with a half-life of 1.4- ytsAx%.Pfeodymium 
contains 5.69®/o of the isotope ‘““Nd, a ^-emitter with half-life 5 • io‘® years. Lanthanum and 
indium are very weakly radioactive indeed. The former contains o.O^% of >**La, which 
decays by an electron capture process with the half-life 2 • 10“ years. Indium consists to the 
extent of 95.77% of "‘In, which emits ^-rays and has a half-life of 6 ■ to" years. Rubidium 
contains 27.2% of the / 3 -emitting *’Rb (half-life 6.3 • ro»® years). ‘®K, present to the extent 

• Bismuth (at. no. 83), which occurs in Nature as a pure element, is actually radioactive, 

although extraordinarily weakly so (half-life 2.5 • 10" yean). The statement that there is a 

stable isotope of polonium (Holubei and Cauchois, 1940) must be regarded as doubtftil in 
t he extreme. 
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of 0.01 in poiassiuni, has a half-life of 1.18 • to 
goes some A'-elccfron capture also (cf. \ ol. I, p. 


' years. It is chiefly a / 3 -einitter, but und«T- 
I 50 el seq .). 


12. Chemistry of the Radioelements [y\ 


The whole group of atomic species which have the same atomic numher and 
must therefore be assigned to the same position in the Periodic System, althougl, 
they differ in stability and atomic weight, is sometimes referred to as a pleiad’ 
It is named after the member with the longest half-life. Thus the natural radio- 
elements contam the pleiads of thallium, lead, bismuth, polonium, radon, radium, 
actinium, thorium, protactinium, and uranium. The last column of Table 57 
indicates the elements which belong to the individual pleiads. 

The elements after which the various pleiads are named have already been 
discussed. The chemical properties of the other members of each pleiad are thereby 
specified, since all the members of each pleiad are chemically identical. The 
differences which are manifested in radioactive properties have no effect on the 
chemical properties. In chemical investigations of the products of radioactive change 
it is, however, necessary to allow for the fact that they are usually present in 
immeasurably low concentrations. In order to precipitate them from solution, it is 
essential to add some of the inactive isotopes as carriers, in order to obtain visible 
and filtrable precipitates. If no inactive isotopes are available, it is possible to use 
as carrier some other inactive element which conforms to the criteria of the Fajans 
or Hahn precipitation rules. 


Radioactive substances are detected by means of their radiation, with the use of 
some form of detector which counts the number of a- or /5-particles or y-ray quanta 
emitted from a source—e.g., a Geiger-MuIIer counter for ^-particles, or an ion¬ 
ization chamber for y-particles. Substances are commonly identified by determ¬ 
ination of their decay constants, or half-lives; with /5-emitting elements the ab¬ 
sorption curve and maximum energy of the j8-rays can also be determined, 
a-emitting elements of long life are characterized by determining the energy of the 
radiations in a counter which determines the total ionization along the track of 
each particle. The quantity of a radioelement present is found from the counting 
rate in a counter of standardized geometry, whereby the rate of occurrence of dis¬ 
integrations is measured. [/o]The detection and determination ofelements by their 
radioactive radiations is by far the most sensitive method available. With elements 
of moderately .short half-life, 10* to lo* atoms can be identified, determined and 
(with suitable carriers) investigated chemically, whereas the ordinary methods 
of microchemistry (e.g., microgram scale operation) require a sample of 10'* to 
10** atoms*. 

* The statistical nature of the process of radioactive change sets a lower limit to the 
usefully measurable rate of disintegration. In a large assembly of atoms the rate of dis¬ 
integration is sensibly uniform, but with a small assembly of atoms-i.e., a relatively low 
disint^ation rate-the number of events in unit time shows random fluctuations. The 
statistical error attached to a count of N events in t seconds is Hence to obtain 1% 

accuracy in determining the amount of any radioelcment from the counting rate, it is 
necessary to continue counting until a minimum of 10,000 disintegrations has been recorded. 
Furthermore, every counting apparatus has a ‘natural background’ of counts, due to cosmic 
rays, radioactive contamination of the materials of construction, and other effects. If the 
rate of disintegration of a sample is very low it may therefore become difficult to obtain a 
counting rate which is significantly different from the background, when due allowance is 
made for statistical errors. 
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Wlu n onto mixed loKethcr. it is impossible to effect a chemical separation between the 
tiu-inlxTs of a pleiad, since they arc chemically identical. The individual isotopes can, 
liovvever, be isolated by preparint; them by the radioactive decay of a pure starting material. 
Mills pure radium emanation, free from thorium or actinium emanations, is obtained from 
[Hire radium compounds. Similarly, radium emanation furnishes the subsequent decay 
products of the radium decay series, free from the isotopes of the thorium and actinium 
serii-s. 


I )eca\ products whit li arc not isotopic with one another can be separated either 
l)\ (licniical reac tions or l)\ using other properties which lend themselves to 
scp.ii.ition processes—c.g., their clifTcrcnces in volatility when heated. It is often 
possible to ohtain a decay product in the pure slate by taking advantage of differ¬ 
ence’s in rates ol formation and decav. 


Thus r.idium .\ is obtained almost pure when a negatively charged wire is exposed for a 
lew seconds (o the action of radiun^ emanation. If. however, the wire is exposed to the 
<inanation for several hours, the radiunt .\ deposited on the wire decays away almost 
Iomplcfcly within 20-40 minutes of removal of the wire from the gas. and the residual 
ai ti\ it\’ is due to radium B and radium C. The latter is left in a .state of purity if the wire is 
lu atecl to a dull red heal for a short time, .\bove 600° radium B volatilizes rapidly, whereas 
r.idium C bi-gins to vaporize only at t too . Radium B can most conveniently be obtained 
l>ur< by plac ing a negatively chargc'd plate close to a second plate, on which is a deposit of 
radium A. in its disintegration, radium A prcxluces recoil rays, consisting of the atoms of 
radium B. and these are caught by the negatively charged plate. These examples afford 
some’ indication of the sort of methods used for isolating radioactive decay products in the 
state' ol purity whic h is essential if they arc to be used in certain types of chemical investi- 
gaiicni {see bi'low). I'or more detailc’d consideration of the methods of radiochemical 
separation, refere nce should be made to the monographs cited at the end of this chapter. 


13. Applications of Radioactive Methods in Chemistry 

riic intense radiations emitted by short-lived radioactive substances make it 
possible to detect very much smaller quantities than is possible by any chemical 
reactions. It is therefore possible by using radioactive substances to carry out 
investigations which would not be practicable by any other methods, on account 
of their inadequate sensitivity [< 9 , p]. 

(a) Radioactive Substances as Indicators 

Radioactive indicator or tracer methods are based on the isotopy of radioactive 
atoms with stable elements. The radioactive isotopes may be employed in place of 
the stable species, in studying the behavior of the latter. Alternatively, some of the 
radioactive isotope is added to the inactive element. It is then inseparable in all 
subsequent processes, and its radiations enable even unweighably small quantities 
of (he inactive clement to be determined. 

.\s an example of this, Pancth and Hevesy determined the solubility of lead chromate and 
lead sulfide m water. They precipitated the chromate (or sulfide) from a solution containing 
a known wi ight of lead chloride, together with an clectroscopically measured quantity of 
radium D. The precipitates were shaken with water until saturation was reached, and the 
activity of the residue obtained by evaporating the saturated solution was determined. 
h rom this was deduced the quantity of lead which had gone into solution as the chromate or 
sulfide, since the ratio of total lead to radium D (referred to the same time*) must be the 
same as in the initial solution. 

* In such determinations as this, with relatively short-lived radioelcments, it is obviously 
necessary to allow for the progressive decrease in the quantity of the radioelement as 
calculated from its disintegration constant. 
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In other instances, radioactive tracers have been used to adduce e\ idcnce for the 
existence of compounds which could not be prepared in sutlicient artiounts for 
identification by other methods, until the optimum conditions for llieir preparation 
were known. By the use of radioactive isotopes it was not onl\’ possible to pro\'e 
the existence of such compounds, but also to work out the most favorable condi¬ 
tions for their preparation. W ith this knowledge, it became possible to obtain the 
inactive compounds in detectable quantities. This was the procedure b> which 
Paneth succeeded in isolating the hydrides of bismuth and lead (cf \'ol. I, pp. 682, 
557 )- 


Another interesting application of radioelcments as indicators is the study of txcltari^e 
reactions of substances which arc homogeneous in the chemical sense. Thus Hevesy (1920) 
showed that the lead atoms in solid lead, or the lead ions in solid lead salts are not immutably 
fixed in their positions, but change places with one another more or less frequently, 
depending upon the temperature. This conclusion follows from the fact tlial radium D, 
an isotope of lead, diffuses from the surface of metallic lead into the interior. In the same 
way, radium D diffuses in the form of an ion into the interior of a crystal of lead chloride. 

T he possibility of using radioactive substances as indicators was originally very 
limited, since there were only three stable elements which were isotopic with 
radioactive elements of the natural decay series. With the discovery of arlificial 
radioactivity (p. 574 et seq.), the number of radioactive atomic species has been very 
greatly increased. Radioactive isotopes of suitable half-life are now known for a 
great number of the stable elements, and the scope of radioactive tracer metliods 
has been greatly extended accordingly. 


(b) Behavior of Very Minute Quantities of Matter 

The case with which radioactive substances can be detected makes it possible to use them 
in studies of the general laws governing the behavior of substances at extreme dilutions. For 
example, such investigations lead to an understanding of the co-precipitation of foreign 
substances when a precipitate is thrown out of solution. Thus it has been shown that this co- 
precipitation may be due to the inclusion of the liquid, to the formation of mixed crystals, 
to adsorption on the surface of the precipitate after its formation, and also to several other 
phenomena. According to Hahn (1934), in cases where the formation of mixed crystals 
could not be expected from the laws governing the behavior of matter in larger quantity, 
it may also be due to the formation of so-called 'anomalous mixed crystals'. It is also possible 
for 'irmer adsorption' to occur—i.e., the inclusion of foreign substances within the crystal, in 
that they are deposited from solution under the action of forces closely related to those which 
bring about adsorption on surfaces. 


(c) Emanation Methods 

The extent of the surface area of substances, the changes which the surface area undergoes 
on heating, and the ‘loosening’ of the crystal lattice at higher temperatures can all be studied 
by so-called emanation methods. This is based on the homogeneous incorporation, within the 
substance concerned, of some radioelement which decays to an emanation (e.g., radium, 
radiothorium which forms thorium X and then emanation, or radioactinium). The ratio 
of the quantity of emanation which escapes from the solid in a given time, to the quantity of 
emanation generated within it in the same time is known as the emanating power. The more 
finely divided the solid,-the greater is its emanating power. Practically no emanation can 
escape at ordinary temperature from a compact ionic crystal, whereas a substance of spongy 
structure, or a highly defective crystal (cf. p. ’j^'^etseq.) possesses a high emanating power. It 
has been possible to show by the emanation method, for example, that that the temperature at 
which two solids will react with one another is the temperature at which the concentration 
of lattice defects in one or other of the crystals begins to increase rapidly (cf. Chap. 19). 
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This ‘loosening up’ temperature, for a great many substances, is about one-half of the abso. 
lute melting point, as Tammann had already earlier concluded from observations on the 
reactivity of solids and the sintering of powders. Hahn (1934) used the emanation method 
to study aging phenomena in preparations of iron(III) oxide. He was able to show that 
irorulll) oxide precipitated from aqueous solution undergoes a rapid spontaneous crystalli¬ 
zation at about 400". Above 800° there is a ‘loosening’ of the crystal la.tticc, which is 
accompanied by the expulsion of the last traces of water from the preparation. Development 
of the perfectly ordered crystal lattice of hematite is completed by about 1000° {cf. p. 273 
and \’ol. I. p. 306). 

I hc phenomena observed in the emanation method can be understood as follows. In 
the expulsion of an u-particlc from a disintegrating atom of radium or its isotopes, the 
newly formed atom of emanation recoils with considerable velocity, and it can be shown 
that in a typical ionic solid—c.g., a metallic oxide—the recoil path is 200-300 A in length. 
The emanation atom may escape from the solid by one of two processes: It will be ejected 
directly, if its recoil path crosses the surface of the solid particle; if the recoil path terminates 
within the solid particle, the emanation atom may still escape if it diffuses to the surface of 
the particle before itself undergoing disintegration. The total emanating power is thus made 
up of two portions—a recoil fraction, and a fraction due to diffusion. The former depends 
only on the average depth of the parent radium (or ThX or AcX) atoms beneath thesur- 
facc of the particle. It is thus dependent upon particle size, but not upon the temperature. 
I'hc second factor depends upon the average length of the diffusion path to the surface (and 
therefore upon particle size) and also upon the diffusion coefficient of emanation atoms within 
the solid. The latter, like all diffusion processes in solids is an activated process, and 
strongly temperature dependent. Hence the diffusion emanating power increases rapidly 
in comparison with the recoil emanating power at higher temperatures. If the diffusion 
coefficient is great enough, every emanation atom may be able to diffuse out before it 
decays; Gregory (1951) has shown that this is the case for the very open-structured crystals 
of barium stearate. Any physical or chemical change that alters either particle size or the 
diffusion coefficient is revealed by the consequent change in emanating power. Thus grain 
growth and recrystallization increase the necessary recoil path and diffusion path, and 
greatly reduce the emanating power. The solid product of a chemical reaction undergone by 
a solid—e.g., the calcium oxide formed by decomposition of calcium carbonate—is frequent¬ 
ly formed initially in a state of extreme subdivision. The occurrence of reaction is therefore 
attended with an abrupt increase in emanating power; as soon as recrystallization of the 
reaction product begins, the emanating power diminishes. If no grain growth, recrystalli- 
zation, or chemical reaction occurs, the emanating power of a solid is found to increase 
exponentially with temperature, as is typical of the process of activated diffusion*. 

* See Cook, Z- physik. Chem., B 42 (1939) 221; Gregory, Trans. F^^nday Soc., 48 (1952) 
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CHAPTER 12 


ISOTOPY OF THE STABLE ELEMENTS 


I. Detection of Isotopy 


The phenomenon of isotopy is observ'cd among ihe stable elements, as well as 
among the radioactive elements. Whereas radioactive elements which are isotopic 
with one another differ in their radioactive properties, as well as in their atomic 
weights, the isotopes of stable elements differ only in their atomic weights. The 
atomic weights are proportional to the masses of the isolated atoms. Various 
methods can be used to investigate whether an element consists of atoms of various 
different masses, or whether it is composed of atoms all having the same mass. The 
most important methods are the so-called mass spectroscopy and the analysis of 
band spectra. 


(a) Mass Spectrog^aphy 

Mass spectrography[/] is based on the fact that the canal rays are deflected by electrical 
and magnetic fields. In both cases, the deflection is proportional to the ratio elm —i.e., to 
the ratio between the charge and the mass of the particles composing the canal rays or 
positive rays—but depends in a different manner upon the velocity v. Thus the deflection 
in a magnetic field is inversely proportional to the velocity of the particles, whereas the 
deflection by an electrostatic field is inversely proportional to the square of the velocity. 
The deflections produced by the magnetic and electrostatic fields also take place in differ¬ 
ent directions; the electrical deflection is in the direction of the field, and the magnetic 
deflection is perpendicular to the fields (just as a wire carrying an electric current is dis¬ 
placed sideways in a magnetic field). Consider a beam of canal rays, consisting solely of 
particles with the same charge to mass ratio efm, but of various velocities. We allow the 
beam to traverse a homogeneous electrostatic field, at right angles to the trajectory of the 
rays—e.g., the field between a pair of parallel, oppositely charged plates. The rays are 
thereby deviated and separated from one another, in the direction of the lines of force. 
A photographic plate, set up perpendicular to the direction of the rays, will be blackened by 
the incident beam; instead of a single black spot, it will show a continuous black line if the 
canal rays contain particles with velocities distributed over a continuous range. Experi¬ 
ment shows that this is usually the case. If the electric field is in a horizontal direction, a 
horizontal line is obtained on the photographic plate. If the electrical field is now switched 
off, and replaced by a magnetic field in the same direction, a continuous black trace is once 
more obtained upon the photographic plate, but now at right angles to the original trace. 
If both fields be applied together, so that every particle strikes the plate after traversing 
both the electrical and the magnetic field, a transverse and a vertical deviation are imposed 
simultaneomly. The trace upon the photographic plate is then a curve, such as is shown in 
Fig. 68. This curve is one limb of a parabola, since the coordinates of every point are given 
by 


x = a 


e 

m 




I 

V 
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The constants a and b arc here determined by the experimental conditions. Combining 
the two expressions, 

fji, 

= — X or y = 2/»x (i) 

a m 

b^e 

where the constant quantity-= p. 

ia m 

Equation (i) is familiar from coordinate geometry as the equation of a parabola. If a 
beam of positive rays contains particles with various values of r/m, the constant p assumes 
various values, and several para¬ 
bolas arc obtained, each corres¬ 
ponding to a single value for the 
ratio ejm of the particles in the 
positive ray beam. Appropriate 
values for the constants a and b 
may be computed from the expe¬ 
rimental conditions. Hence the 
value ofr/m can be calculated for 
each of the parabolas. This method 
was first worked out for cathode rays, ■ 
which are deflected in the same way as the canal rays but in the opposite direction, since 
they bear a charge of opposite sign. The ratio between the charge and mass of the electron 
was first determined by such measurements on cathode rays. The ratio ejm was first deter¬ 
mined for canal rays or positive rays for the purpose of ascertaining the charges borne by 
the atoms in such rays. It was found that the atoms in the canal rays generally carried only 
a small charge, usually of only i or 2 units. By using sufficiently strong fields, the parabolas 
corresponding to a doubling of the charge could be widely separated. In 1912, Thomson 
investigated the canal rays produced in a discharge tube which contained neon. Such canal 
rays gave parabolas corresponding chiefly to singly and doubly charged neon, i.e., to the 
very different charge to mass ratios e/m = 1/20 and ejm = 2/20. Close to the parabola for 
the singly charged neon, however, Thomson observed another blackening curve which 
would correspond to particles with a charge to mass ratio ejm = 1/22. He at first believed 
that this result must be attributed to impurities, but it was proved that this was not the 
case. Thomson therefore finally concluded that ordinary neon, with atomic weight 20 
might be mixed with a small amount of a second inert gas with the atomic weight 22. His 
conclusion has subsequently been fully confirmed. This was the first instance in which 
differences in deflection sustained by the canal rays revealed that an element was compo¬ 
site in nature, and composed of several isotopes. 

The canal ray method has subsequently been further developed, especially by Aston 
(from 1919 onwards). .Aston achieved greater sensitivity by the device of having the mag¬ 
netic field perpendicular to the electrostatic field, instead of parallel to it. The experimental 
conditions are so selected that for rays of the same efm, but of all velocities, the electrostatic 
deflection is exactly compensated by a magnetic deflection in the opposite direction. The 
result of this is to contract each parabolic curve into a single |>oint, so that the whole 
blackening effect of the rays is concentrated into a number of discrete points or (when 
slits arc used as collimating apertures) into discrete lines. These are accordingly sharper and 
better defined than the extended parabolas. The photographs obtained by this means bear 
a certain resemblence to photographs of spectra, and a mixture of isotopes is resolved into 
its individual components in much the same way as inhomogeneous light resolved by a 
spectrograph. Aston’s description of the method as 'mass speetrography* is therefore appro¬ 
priate. The technique of mass spectrography has now been so perfected that determina¬ 
tions of the mass of individual atomic species made by this means are considerably more 
precise than atomic weight determinations carried out by the classical methods of chemistry. 
The results of the different procedures can only be compared, in the case of mixed elements, 
if the relative proportions of the several isotopic species of atoms are known, as well as their 
masses. The proportions cannot be determined as accurately as the atomic masses, and 
only in exceptional cases are the average mass numbers determined by physical methods 
more accurate than chemical atomic weight determiriations. 



Fig. 68. Deflection of canal (positive) rays in 
electrostatic and magnetic fields. 




I 


DETEC riON OF ISOI OPV 


545 


Dempster (1918) worked out a method of canal ray analysis in which a beam of positive 
.ons of uniform velocity .s deflected by a magnetic field alone. Ions of uniform velocity arc 
produced by causing slovv 10ns, such as are emitted from heated salts, etc., to be accelerated 
in a strong electrical ^Id. 1 he ratio elm is then given by the magnetic deflection alone. .At 

fi combined the ‘prism’ action of a homogeneous magnetic 

field with the lens action of a radial electrical field. This ‘double focussing’ principle has 
since been incorporated in nearly all forms of precision mass spectrograph now used* Of 
these, the mass spectrometer designed by Nier (1949-5-) of particular interest. The par- 
ticl« of differing mass are not recorded at different points on a photographic plate, but 
their ma^es are measured in terms of the potential which must be applied to a radial dec* 
^ical field, m order that the particles should pass through a slit at the end of the apparatus. 
The Nier instrument has achieved great importance both for the analysis of isotopic mix- 
tures and for direct chemical analysis (e.g., of hydrocarbon mixtures). 

(b) Isotopy and Band Spectra 

The total energy- content of a polyatomic gas molecule is made up of the sum of its 
Iranslalioruil energy (i.e., the kinetic energy of its random translational motion), its rotational 
energy, the vibrational energy of its atoms, and the binding energy of its electrons. Quantized 
changes in the three last-mentioned contributions to the molecular energy give rise to all 
the spectral lines observed in the band spcctrxim of the molecule. In the long wave length 
range (infrared), where the light quanta have relatively small energies, no changes in 
electronic states can be involved, and the ‘rotation-vibration’ spectra arc observed In these 
the position of the bands is determined by quantized changes in the vibrational energy’ 
whereas the frequency interval between the lines which together make up each band is 
determined by changes in the rotational energy. Band systems corresponding to the rota¬ 
tion-vibration spectrum also appear in the shorter wave length region (visible and ultra¬ 
violet); here they are superposed upon the lines which would arise from changes in the 
electronic energy alone. The vibrational energy of a molecule depends upon the masses of 
the vibrating atoms; the rotational energy depends upon the moment of inertia, and thus 
again upon the mass of the atoms rotating about a common center. It follows that two mole¬ 
cules which are chemically alike, but are not identical in the masses of their component 
atoms, must give rise to different band spectra. Thus the position of the bands in the 
spectrum of is somewhat different from that in the spectrum of whereas the 

displacement of the bands is still greater for “N,. In the same way, a molecule has 

a slightly different band spectrum from that of -*C‘* 0 , and this in turn from that of 
Whereas the interval between successive lines within any band is only slightly affected by 
differences in the masses of the isotopic atoms, the shift in the positions of the bands, due to 
alterations in vibrational energy, can be quite considerable. It is found to be greatest for 
the elements of low atomic weight. Thus, for the molecules and -‘N, it amounts to 
about 120 A in the band system around 3600 A. The study of band spectra has thus made 
it possible to detect the isotopically composite nature of the light elements, even when the 
minor isotopes are present in extremely low concentration. Thus, in 1929 it was inferred 
from observations on band spectra that carbon and oxygen did not consist entirely of atoms 
with the same masses, as had been concluded up till that date from the evidence of mass 
spectrography. The sensitivity of the mass spectrographic method has subsequently been 
greatly increased, and it has the advantage of being far more widely applicable than the 
optical method. In both methods, the relative proportions of the isotopes in a mixture can 
be found by measuring the degree of blackening of a photographic plate. 

It follows from eqn. (13a}, p. 87 Vol. I, that the difference in mass of the isotopes must 
show up in the line spectrum of the atoms also. With the heavier elements the effect is so 
minute that it has no general significance for the detection of isotopes. However, the exis¬ 
tence of the heavy isotope of.hydrogen (deuterium) was first proved through this displace¬ 
ment of the Balmer lines (p. 554). 

• A survey of the newer types of mass spectrograph, and the principles upon which they 
have been designed, is given in a ‘Symposium on Mass Spectroscopy in Physics Research’ 
(National Bureau of Standards, Washington, 1931). 
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ISO rOPY OF THE STABLE ELEMENTS 

2. Separation of Isotopes 


(a) General 

1 he 0..1V processes which can he used lo efTect a separation of isotopes are those 
in which the masses of the atoms exert a strong influence. As a rule, therefore, 
chemical reactions do not come into question, since the masses of the atoms have 

pfocticaily no cfTecl. 

I hr valence forces which determine the course of chemical reactions depend primarily 
upon the number and the mode of binding (i.c.. energy states) of the electrons in the outer 
shell’ of the atom. The number of electrons is fixed by the nuclear charge, their binding 
energies and ground states arc practically completely dejiendent on the nuclear charge also, 
as follows from the theory of atomic structure. .Although, as already rncntioned, the binding 
cnerev of an electron is not absolutely independent of the mass of the atomic nucleus, the 
clTec t on the binding energy is extraordinarily small, even in the case of hydrogen, for which 
it is greater than with any other clement. In general, it can be neglected as of no significant 
ciTect whatever upon the chemical properties of hydrogen and, a/ortwn, negligible for all 

It may be foreseen, however, that the masses of the atoms will exert some influence on 
rhemical behavior bv virtue of the dependence of the vibrational and rotational energy 
of a mol.-rul,- upon llu- masses of its atoms. These factors must affect the free ener^ changes 
in chemical reactions, and therefore exert an influence on the position of chemical equili¬ 
brium (cf. \’ol. I. Chap. 5). This influence is very small, and is detectable in practice on^ly 
when the ratio of the masses of the isotopic atoms is appreciably different from unity. This 
mass ratio is greatest for the isotopes of hydrogen. With increasing atomic weight, it rapidly 
falls to a number very close to i. since the isotopes of any element can differ in m^ from 
one another by only a few atomic weight units Whereas the m^ = 

^ , it has already dropped to i.i? : > for the lithium isotopes ’Li and -Lk Hence hydro- 
ecn ii the only clement for which it may be said that the isotopes display different chemical 
nroDerlies (in a quantitative sense only, not in a qualitative sense). 

^ For all the other light elements, the effect of isotopic masses is very small. However Urey 
ri rh,m W ^7 fiQo:;)'I2il calculated the equilibrium constantsfor the distribution 

Lf certain isotopic molecules in reversible chemical reactions, and showed that the very 
small differences might be made a basis for the separation of isotopes. Equilibrium constants 
calculated for a few reactions are listed below: 


K = 1.040 at 273.1® K 
1.097 at 273.1® K 
1.128 at 273.1® K 
1,015 at 273.1® K 
1.023 at 273.1® K 


gisQ, (g) + 2 H ,'»0 ( 1 ) (g) + 2 H ,>»0 ( 1 ) 

C>« 0 , (g) + 2 H 3>*0 ( 1 ) (g) + 2 H ,‘*0 (!) 

C‘-Oj (g) + 2H,>'‘0 (g) (g) + 2H/-0 (g) 

‘^CO, (g) + '“CO3" (sol) (g) + '*C03- (sol.) 

(g) + '*NH/ (sol) (g) + '“NH,+ (sol.) 

Differences in mass exert their most direct effect upon the behavior of charged 
particles in an electrical or magnetic field. Hence the mass spectrograph resolves 
a mixture of isotopes directly and completely into its separate components. The 
amounts of the separated isotopes which can be prepared by this means are so 
minute however that, except for certain special cases, it has not been practicable 
to use the method as a means of preparing separated isotopes*. Pure isotopes, or 


* Mass spectrographs of very high intensity have been built by a number of workers 
(c.g., Smyth and Rumbough, 1934; Walcher, 1938) for the purpose of separating pure 
isotopes for experiments (such as nuclear transmutations) which can be carried out with 
minimal quantities of material. During the 1939“45 method of direct electro¬ 

magnetic separation was developed on a larger scale, for the separation of in quantity 
from natural uranium, and can now be applied in the United States and in Britain to the 
isolation of separated isotopes of elements which could not be resolved by any other means. 
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highly enriched isotopic mixiurcs. can be applied to tlie investigation ol a wide- 
range of chemical problems (cf. pp. 553. 538-9). Considerable interest therefore 
attaches to methods which can be used foi- the preparation or enrichment of 
isotopes on a considerable scale. 

The following are the principle nu-thods ax ailablo for the separation of isotopes. 

(b) Diffusion Process 

.According to Graham's law. light moI«-rulcs difluse more rapidly through a porous wall 
than do heavy molecules. If the two specie s of molec ules making up the gaseous mixture 
differ but little from one another in mass, a considerable change in the proportions of the 
mixture can be brought about only by continuing the diffusion process for a long period, 
and by carrying it out in such a way that a large number of diffusion cells are connected 
one after the other, in series (making use of the same principle as in the ‘fractionating 
columns’ used industrially for distillation). .-\n apparatus of this kind was built by Hertz 
(1932). Some disadvantages attach to the use of a porous wall, so that in a later apparatus 
(1934) Hertz replaced the assembly of diffusion cells, each provided with a porous por¬ 
celain tube, by a group of mercury vapor diffusion pumps. Each of these pumped away 
the lighter component of the gas mixture undergoing separation, more readily than the 
heavier component. Using an apparatus of this kind with 48 diffusion pumps, Harwich 
(1936) was able to make a quantitative separation of the neon isotopes *°Ne and “No within 
5 hours. Dc Hemptinne and Capron, with a Hertz apparatus containing ji diffusion pumps, 
enriched the isotope which is present in normal carbon to the extent of up to a 

concentration of 75% i*^ 3 ® hours. The amounts of the separated isotopes which are obtain¬ 
ed in practice by this method arc, however, quite small, since it is necessary to operate at 
very low pressures, i.e., with very dilute gases. 

(c) Distillation Process 

A partial separation of isotopes can be brought about by ‘ideal distillation’. This process 
is based upon the fact that more atoms of the lighter isotope than of the heavier Isotope pass 
from the liquid to the gas phase per unit time. If it is so arranged that all atoms entering 
the gas phase arc condensed out before they can undergo molecular collbions and be re¬ 
turned to the liquid (as may be achieved, for example, by placing a chilled surface above 
the surface of the liquid, at a distance not greatly exceeding the mean free path of the 
molecules), the lighter isotope is enriched in the condensate and the heavier in the residue. 
This process is simple to carry out, but does not lead to a high degree of enrichment, and 
yields only small quantities of the enriched product. It has, however, been used success¬ 
fully for certain purposes (cf. Vol. I, p. 159). 

Large quantities of enriched isotopes can be obtained by fractional distillation, repeated 
many times in an efficient rectification column (fractionating column). The process opera¬ 
tes most efficiently in the neighborhood of the triple point (cf. Vol. I, p. 51), since^hc vapor 
pressure differences between the isotopes are greatest in the solid state. Even under these 
conditions the differences in vapor pressure are mostly very small, so tha^ fractionating 
columns with a large number of stages must be used. Starting from 420 liters of ordinary 
neon, containing 90.5% "Nc and 9.2% “Ne (with 0.3% *'Nc), and using a fractionating 
column with 85 stages, Kcesom (1934) obtained 4 liters of neon in which the lighter isotope 
had been enriched to 95.5%, and 5 liters of neon in which the heavier isotope, “Ne, had 
been enriched to 83.5%. By use of fractionating columns of very high efficiency, correspon¬ 
ding to a very large number of'theoretical plates* and operating under almost total rcHux, 
it is possible to prepare material enriched almost to 100% in the heavier carbon isotope, 
wC,bythe triple point distillation of CO. This process is carried out on a loog to kilogram 
scale. 

(d) Separation by Thermal Diffusion 

The process worked out by Clusius and Dickcl (1938) “ notable for the simplicity of the 
apparatus and the efficiency of separation achieved. It is based on the phenomenon known 
as thermal diffusion, namely that if a temperature gradient is established in a gas, a concen- 
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iration gradicnl is also set up at the same time*. Under certain conditions this may lead 
to a diffusion process in the gas, wherein the lighter molecules move faster than the heavier. 
The separating tube devised by Clusius consisU of a vertical glass (or metal) tube 6—lo 
meters long, containing the gas mbeture to be separated at atmospheric pressure; it is 
surround« d by a water-cooled jacket, and a wire is stretched along iu axis. When this wire 
is heated electrically, the temperature gradient from wiere to wall sets up a concentration 
gradient in the opposite direction, which results in diffusion from the wall towards the 
wire, [he lighter molecules thereby diffuse more rapidly, and arc enriched in the neigh> 
borhotxl of the wire. The heating of the gas by the hot wire causes a convective streaming 
of the gas. upwards along the wire and downwards along the wall, whereby the equilibrium 
of thermal diffusion is continuously disturbed. The result is that although the un-mixing 
brought about by thermal diffusion is extremely minute in extent, it goes on continuously 
until nearly all the lighter molecules have collected in the upper part of the separation 
tube, and the heavier molecules in the lower part. Using a battery of several such tubes, 
Clusius enriched the chlorine isotope from 24.6% to 99.4% at the lower end, while the 
isotope ^‘Cl was enriched from 75.4% to 99.6% at the other end. In continuous operation it 
was possible to withdraw between 10 and 30 cc of enriched products daily from the two 
ends of the lube. Clusius obtained 2.5 liters of each of the isotopes ®Ne and ®Ne by the 
same method, as also pure "«Kr and “Kr, and also (1943) '* 0 , and **N‘*N. The thermal 
diffusion process, although efficient, is costly in operation through its high consumption of 
electric current, and the triple point distillation process is now preferred for the relatively 
large-scale separation of isotopes. 

(e) Partition Processes 

When any substance is partitioned between two solvents, molecules which have different 
masses but arc chemically identical do not display identical behavior. If the process is 
repeated many times (in some form of column), it is possible to bring about a more or less 
extensive change in the isotope ratio. Similar considerations apply to partition between a 
solvent and the gas phase. Thus Urey (1937). by treating ammonia with a solution of 
ammonium sulfate* * in a rectifying column of 621 stages, was able to raise the concentration 
of in nitrogen from o. 38 ‘’o to Later (1939) by connecting several columns in 

tandem, he was able to produce 2.2 g of nitrogen per day, containing 70.6% of ‘‘N. G. N. 
Lewis succeeded in raising the concentration of the 'Li isotope in lithium from 7.9% to 
16.3%, by exchange of lithium between lithium amalgam and a solution of lithium chloride 
in ethyl alcohol. 

(f) Electrolytic Separation 

A separation, or at least an appreciable enrichment, of light isotopes can be brought 
about by prolonged electrolysis. In the case of the hydrogen isotopes, the electrolytic separa¬ 
tion is made still more favorable by the superposition of various other effects, and is one of 
the most efficient separation processes at present available (see p. 554). For other elements, 
the degree of separation achieved by electrolysis is much smaller. However, it has been 
shown that it is possible appreciably to alter the proportions of the isotopes ‘Li and ’Li by 
electrolysis of aqueous solutions of lithium salts. Even with the rather heavier potassium, a 
marked change in the proportions of the isotopes ®*K and has been produced electro- 
lytically using several cells in series (Harteck, 1953). There is also some enrichment of the 
oxygen isotopes and ”0 during the electrolysis of water (Johnston, 1935). 

3. Pure Elements and Mixed Elements 

Those elements which consist entirely of atoms of the same mass are known as 
prtre elements-, those in which atoms of different masses are present are called mixed 

* It is also possible to observe the converse effect—the establishment of a temperature 
gradient, as a result of the concentration gradient when two gases diffuse into one another 
[Clusius, Naturwissenschaften 30, (1942) 711.] 

•* The effect of the ammonium sulfate is to improve the separation, since in the equili¬ 
brium ‘‘NHj -f [**NH4]+ 5=i “NH3 -f- the concentration of [*®NH4]+ ions is 

rather greater than that of ['*NH4]+ ions. The result is that which is rather more 

soluble in water than is retained to an enhanced extent by the aqueous solution. 
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elements. Table 6i shows the elements which are considered to be pure elements, 
according to the present state of our knowledge. In most cases it has been proved 
that they do not contain more than 0.2 atom-% of any other isotopes. 

TABLE 61 

PORE ELEMENTS 


Atomic 

number 

Element 

Mass value 

Mass 

defect 

(m.m.u.) 

Chemical atomic weights (on basis 
natural oxygen = 16.000) 

calc, from mass from 

values international 

atomic wt. table 

4 

Be 

90 *505 

62.48 

9.01257 

9-013 

9 

F 

19.00443 

158.79 

18.99920 

19.00 

11 

Na 

22.9964 

201.1 

22.9901 

22.991 

13 

A1 

26.99011 

241.65 

26.9827 

26.98 

15 

P 

30.98358 

282.45 

30.9751 

30.975 

21 

Sc 

44.97010 

416.72 

44.9577 

44-96 

25 

Mn 

54-95581 

517.53 

54-9407 

54-94 

27 

Co 

58.9510 

556.6 

58-9348 

58.94 

33 

As 

74-943 

703 

74.922 

74-91 

39 

Y 

{88.940) 

— 

88.916 

88.92 

4* 

Nb 

(92.942) 


92.916 

92.91 

45 

Rh 

102.949 

938 

102.921 

102.91 

53 

I 

126.944 

1153 

126.909 

126.91 

55 

Cs 

(132.947) 

— 

132.910 

132.91 

59 

Pr 

140.951 

1266 

140.912 

140.92 

65 

Tb 

(158.978) 


158.934 

158.93 

67 

Ho 

(164.987) 


164.942 

164.94 

69 

Tm 

(168.993) 


168.947 

168*94 

73 

Ta 

181.003 

1562 

180.953 

180.95 

79 

Au 

197.039 

1664 

196.985 

*97-0 

83 

Bi 

209.047 

1762 

208.990 

209.00 

89 

Ac 

227.098 

1867 

227.036 

227 

9J 

Pa 

231.108 

1892 

231.044 

231 


Column 3 of Table 61 gives the mass values of the elements listed in columns i 
and 2*. The mass value of an atom (also termed the physical atomic weight) is the 
ratio of the mass of the atom to of the mass of the oxygen isotope ** 0 . The last 
two columns show the (chemical) atomic weights as calculated from the atomic 
masses determined by mass spectrographic or nuclear physical methods, and as 
determined by chemical or physico-chemical methods (i.e., the atomic weights as 
listed in the international atomic weight table), both referred to ordinary oxygen 
= 16**. The significance of column 4 (mass defects) will be considered later (p. 
567). It may be seen from the table that there is excellent agreement between the 
atomic weights determined by chemical methods and those based on mass spectro¬ 
graphic or nuclear physical measurement. It may also be noted that the mass 
values of the atoms differ only very slightly from whole numbers. Nevertheless, 

• The values given in brackets have been calculated from the approximated masses 
and the packing fractions, as discussed on p. 568 et seq . 

•• Mass values referred to = 16.000 are converted to chemical atomic weights, on 
the scale ordinary oxygen = 16.000, by dividing them by 1.000275 P* 55o)* 
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,he probable error of the data listed in Table 6. is in most cases only a few 
in the last decimal place, and the deviations from whole number values he outide 
the experimental error. The mass values of the atoms rounded off to whole 
iiumhers, have an important physical significance, as will be seen later. By ana ogy 
with the atomic numbers, these rounded-oflf values ate called the mars numiers of 

tlic atoms. 

U is striking that, with the exception of beryllium (which certainly contains less than 
o ooi of any isotope, as shown by the most recent work), all the pure elements are of 
.Uom.c numUr. This is connected with the fact that the elements of odd 
in general, less stable than the elements of even atomic number which arc adjacent ‘o 
in ^he Periodic Table. This rule shows itself in the distribution of the elements m Nature 
icf Kie 8a p. 650). Unstable (i.e.. radioactive) isotopes of the elements Bi, Ac, and Pa are 
knoNs n buVno stable isotopes. The isotopes of the radioactive elements Ac and Pa have 
<l< c av constants which arc so much greater than those of the principal representatives of 
these atomic numbers that actinium and protactinium exist in Nature as pure elements. 

Table 62 gives the isotopic composition of the stable (i.e., not radioactive) 
inixetl elements. 

The five weakly radioactive elements K. Rb, Nd, Sm and Lu, which consist almost 
ciuirelv of stable nuclear species, are included in Table 62. So also are In and Re. For both 
these el. rnents. the predominant isotope is actually unstable. However, they are both so 
wc-iklv radioactive (the half lives are 6- 10'* and 4- 10'* years respectively) that they 
behave praclicallv as stable elements. The remaining radioactive elements are omitted 
since their isotopy has already been discussed in dealing with the disintegration senes, 
riie (bird column of Tabic 62 gives the proportions of the individual isotopes in the mixed 
ele ments the isotopes being denoted by superscript figures wntten before the chemical sym¬ 
bol The‘average mass values’ listed in column 4 of the table are calculated from the mass 
values of the separate isotopes, according to the usual mixture rule; the deviation of the 
mass values from whole numbers has been taken into account in so doing. The remaining 

columns correspond to those of Fable 61. 


The masses of the isotopes of mixed elements, like those of the pure elements, are 
all very close to whole numbers. The chemical atomic weights of most elements 
differ considerably from whole numbers for the reason that the elements are 

composed of isotopes of different masses. 

The two heavier isotopes of oxygen have the exact masses ”0 = 17.004520 and 
*«0 = 18.004875, when the mass of the lighter isotope '“O is taken as exactly 
16.00000. From the isotopic composition of the mixed element oxygen, as given in 
Table 62, the average mass is found to be 16.00447. measurement for 

chemical atomic weights is one sixteenth of this value. This unit is i .000279 as great 

as the unit used for measurement of the mass values, or physical atomic weights. 
Hence the latter must be divided by the factor 1.000279 order to convert them 
to atomic weights on the chemical scale;* i.e., chemical atomic weight (relative to 


ordinary oxygen = 16.0000) — 
to *®0 = 16.00000). 


-X physical atomic weight (mass relative 

1.000279 


♦ It is intended to fix the conversion factor by convention, on account of the variations 
observed in the isotopic composition of natural oxygen (cf. Vol. I, p. 689). The factor 
1.000275, which is based on older measurements, will probably be used when the conven¬ 
tion is adopted. In fact this factor does not correspond exactly to any known occurrence of 
natural oxygen, but since 1940 it has been used continuously in converting to the chemical 
scale data recorded in terms of the physical scale (cf. J. Amer. Chem. Soc. 76 (1954) 2034). 
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TABLE 62 


COMPOSITION OF THE STABLE MIXED ELEMENTS 




1 

1 

Chemicai aiornir 


Ele¬ 

ment 

\ 

\ 

Mean 

on basis O - 


Composition in atoms per cent i 

mass 

« 

Calc, from ' 

/alue hi '■ 


1 

value 1 

mean moss : 

atomic \st. 



1 


value ' 

labl(' 

1 

H 

i 

99984% *H. 0.016% *H (D) 1 

1.00831! 

1 

l .(K)802 

1,0080 

2 

He 

1.3 • 10’* % ’He, 99.99987 % «Hc 

4.00387 i 

4.00276 

4.003 

3 

Li 

7.30 % »Li, 92.70 % ’Li 

6-945' ' 

6.9431 ! 

6.940 

5 

B 

18.83 % »®B, 81.17 % “B 

10.8251 ' 

10.8221 

10.82 

6 

C 

98.9% >*C. i.i % ’’C 1 

12.0149 

12.0115 

12.011 

7 

N 

99.62 % ‘*N, 0.38 % ‘»N 

14.0113 

14.U074 1 

14,008 

8 

0 

99-7577 % “ 0 - 0.0392 °o ” 0 , 0.2031 % »»0 

16.00447 

16.00000 

16.0000 

10 

Ne 

90.51 % «Nc, 0.28 % ’‘Ne, 9.21 % ”Ne 

20.1767 1 

20.171 

20.183 

12 

Mg 

78.60% **Mg, lo.M % “Mg, 11.29% ”Mg 

24-3'95 

24 - 3'3 

24,32 

>4 

Si 

92.18% *»Si, 4.71 % ”Si. 3.11 % «Si 

28.095 

28-087 

28.09 

16 

S 

95.060 % ”S, 0.742 % ”S, 4.182 % **S. 0.016 % ’*S 

32.0738 

32.0649 

32.066 

I? 

Cl 

75.4 % “Cl. 24,6 % ”C 1 

35-471 

35-462 1 

35-457 

18 

A 

0.35 % *‘A. 0.08 % “A. 99.57 % *®A i 

39-960 

39-948 1 

39-944 

»9 

K 

93.260%**K,0.01 i%*®K (^-andA'-activc),6.729%*‘K 

39 ->" 

39.100 

39.100 

20 

Ca 

96.92 % **Ca. 0.64 % **Ca, 0.129% **Ca, 

2.13 % “Ca. 0.003 % “Ca. 0.178 % «*Ca 

1 40.091 

40.080 

40.06 

22 

Ti 

7-95 % **Ti. 7.75 % *’Ti. 73.45 % **Ti. 

5 - 5 « % ‘Ti. 5 - 34 % “Ti 

1 47-889 

J _ 1 

47.876 

47-90 

23 

V 

0.25 % “V, 99.75 % “V 

50.958 

50.944 

50-93 

24 

Cr 

4.31 % »Cr. 83.76% »Cr. 9.55% »Cr. 

2.38 % **Cr 

52.014 

52.000 

52.01 

26 

Fe 

5.81 % “Fe. 9»-64% “ Fc. 2.21 % “Fc. 

0.34 % 

55.866 

55-850 

55-85 
• • 

28 

Ni 

67.77% “Ni, 26.16% «Ni, 1.25% “Ni. 

3.66 %«Ni. 1.16% “Ni 

58.729 

58.712 

58.71 

29 

Cu 

68.94% “Cu, 3«o6% “Cu 

63.570 

63-552 

6354 

30 

Zn 

48.89% “Zn. 27.81 % “Zn, 4.07% "Zn, 

18.61 % “Zn, 0.62 % “Zn 

1 65.408 

65-390 

65-38 

3 » 

Ga 

60.16% “Ga. 39-84% "Ga 

69-750 

69.730 

69.72 

32 

G« 

1 

21.2 % “Gc. 27.3 % “Ge, 7.9 % “Gc. 

37.i%’‘Ge, 6.5%“Ge 

\ 72.654 

72.633 

72.60 

34 

Sc 

0.87 % “Sc. 9.02 % “Sc. 7.58 % ”Se. 

23.52 % “Sc. 49.82 % “Sc. 9.19 % “Sc 

1 79015 

78.99 

78.96 

35 

Br 

50.53 % "Br. 49.47 % “Br 

79-933 

79-911 

79.916 

36 

Kr 

0.342% ”Kr, 2.228% “Kr, 11.50% “Kr, 

11.48 % "Kr, 57.02 % “Kr, 17.43 % “Kr 

1 83.833 

83.810 

83.80 

37 

Rb 

72.8 % “Rb, 27.2 % "Rb (^active) 

85-474 

85-451 

85.48 

38 

Sr 

0.55 % “Sr. 9-75 % “Sr. 6.96 % "Sr, 

82.74 % "Sr 

1 87.648 

87.623 

87.63 

40 

Zr 

51.46% “Zr, 11.23% "Zr, 17.11 % “Zr, 

17.40% “Zr, 2.80% “Zr 

1 91-257 

91.231 

91.22 

42 

Mo 

15.84% “Mo, 9.04% “Mo, 15.72% “Mo, 

16.53 % “Mo, 9 - 4 ^ % “Mo. 

95-92 

95*89 

95-95 



23.78 % “Mo. 9.63 % ‘“Mo 




44 

Ru 

5.68% “Ru, 2.22% "Ru, 12.81 % “Ru, 

101.06 


lOt.t 


12.70% «»Ru, 16.98% ‘“Ru, 

31.34% «*Ru, 18.27% ‘“Ru 

101.03 




46 

Pd 

0.8 % ‘®*Pd, 9-3 % ‘“W. * 2 -® % 

27.1 % ‘“Pd. 26.7 % ‘“Pd, 13.5 % ‘”Pd 

106.569 

106.54 

106.4 

f\t\ 

47 

Ag 

51.92 % ‘®’Ag. 48-08 % ‘®»Ag 

107.901 

107.871 

107.880 

48 

Cd 

1.215% ‘“Cd, 0.875 % ‘“Cd, 

12.39 % ‘"Cd, 12.75 % ‘‘‘Cd, 

24.07% “‘Cd. 12.26% “»Cd, 

28.86 % “ 'Cd. 7-58 % “*Cd 

i 112.460 

112.428 

112.41 

J 

114.836 

1 

114.824 

114.82 

49 

In 

4.23 % “»In, 95-77 % ‘“In (^-active) 

1 __ > « —- 
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COMPOSITION OF THE STABLE MIXED ELEMENTS 


12 




'■.O 


5 ‘ 

52 


54 


56 


57 

58 

60 


63 


63 

64 


66 

68 

70 


7 > 

72 

74 

75 

76 


77 

78 


80 


81 

83 


Ele¬ 

ment 


Sn 


Sb 

Tc 


Xc 


Ba 


La 

Ce 

Nd 


Sm 


£u 

Gd 


Dy 

Er 

Yb 


Lu 

Hf 

W 

Re 

Os 


Ir 

Pt 


Hg 


T 1 

Pb 


Composition in atoms per cent 


0.94 % “‘Sn. 0.65 % ‘“Sn, 0.33 % “‘Sn, 
,4.36% “‘Sn, 7 . 5 > % “’Sn, 

24.31 % “‘Sn, 8.45% “’Sn. 33 -•• % ’ Sn, 

4.61 % “‘Sn, 5.83 % ‘“Sn 

57-25 % '”Sb. 42.75 % ‘“Sb 

0.09 % “"Te. 2.43 % “*Te, 0.85 % ‘“Tc, 
4.59% ‘“Te, 6.98% ‘“Te. 18.70% ‘“Te. 

3«-85 % “•Te. 34 - 5 ‘ % “Te 
0.095% “*Xc. 0.088% “•Xc. 1.916% ‘“Xe, 
26.235% 4 - 05 « % ‘“Xe. 21.24% “‘Xe, 

26.935% ‘»Xe. 10.52% »‘Xe, 8.93 % ‘“Xe 
o.to3% “‘Ba, 0.098% “*Ba. 2.42% “‘Ba, 

6.59 % “‘Ba, 7.8j % “‘Ba, tt.32% *”Ba, 

71.66% ‘“Ba 

0.089% “‘La (A’-active), 99.911 % ‘“La 
0.19% “‘Ce. 0.25% ‘“Ce, 88.49% *“Ce, 
11.07% “*Ce 

27.10% ‘“Nd. 12.14% “‘Nd, 23.84% “*Nd, 
8.29% “‘Nd. 17-26% “‘Nd, 5 - 74 % ‘“Nd, 

5.63 % ‘“Nd (^-active) 

2.0501 “‘Sm, 14.62O/0 “’Sm (a-active), 10.97% “*Sm, 
13.56 % “‘Sm, 7-27 % ‘“Sm, 27-34 % “*Sm, 
23.29 % '“Sm, 

47-77 % 52-23 % ‘“Eo 

0.20% “*Gd. 2.15% '“Gd, 14.78% “H 3 d. 
20.59% ‘“Gd, 15.71 % “’Gd, 24.78% ‘“Gd, 

21.79 % “"Gd 

0.05% ‘“Dy, 0.05% '“Dy. 0.1 % ‘“Dy, 

21.1 % “‘Dy. 26.6% '“Dy. 24.8% '“Dy. 

27.3 % ‘“Dy 

0.1 % “*Er. 1.5 % “‘Er, 32.9 % ‘“Er, 

24.4% ‘“Er. 26.9% '“Er. 14-2% ‘“Er 
0.140% ‘“Yb, 3.04 0/0 ‘“Yb, 14 - 34 % “‘Yb, 
21.88% ‘“Yb, 16.18 0/0 ‘“Yb, 3 »- 77 % “‘Yb 
12.65% ‘“Yb 

97-5 % "‘Lu, 2.5 % ‘“Lu (^-active) 

0.19% ‘“Hf. 5-26% ‘“Hf, 18.51 % ‘“Hf, 
27.16% ‘“Hf, 13.79% ‘“Hf. 35 - 09 % “•Hf 
0.16 0/0 »»W, 26.35% "*W, 14-32% ‘“W, 

30.68 % ‘“w. 28.49 % ‘••w 
37.07 % ‘“Re, 62.93 % “’Rc (^active) 

0.018% ‘“Os, 1.582% ‘“Os, 1.64% “ 

13.27 0/0 ‘“Os, 16.14% ‘“Os. 

26.38 0/0 *“0s, 40.97 % ‘**03 
38.5 % '•‘If. 61.5 % “Hr 
0.006 % ‘“Pt, 0.784 % “‘Pt, 

30.2 0/0 '“Pt, 35.2 % ‘“Pt, 26.6 % ‘”Pt, 

7.21 % ‘“Pt 

0.15% ‘“Hg, 10.12 0/0 i«Hg, 17-04% ‘**Hg, 
23-25% •••Hg, 13.18% "‘Hg, 

29-54 % •••Hg, 6.72 % "•Hg 
29.46 % *“T 1 , 70.54 % *“T 1 
1.36 % "•Pb. 25.12 % "•Pb, 21.25 % “"Pb, 

52.27 % ”'Pb 




i) 

‘•’Os, 


I 

} 


Chemical atomic weight 


Mean 

on basis O = 16 

mass 

value 

Calc, from 
mean mass 
value 

Valuefrom 
atomic wt. 
table 

118.767 

118.734 

116.70 

121.798 

121.764 

121.76 

127.674 

127.638 

127.61 

« 3«-344 

13**308 

131.30 

‘ 37-372 

' 37-33 

137-36 

138.96 

138.92 

138-9* 

140.158 

140.12 

140.13 

144.295 

* 44-25 

144.27 

150-473 

1 

* 50-43 

' 50-35 

152.014 

* 5>'97 

152.0 

156.98 

156.94 

157-26 

162.53 

1 

162.49 

162.51 

167.23 

167.18 

167.27 

‘7309 

>7304 

173*04 

175028 

*74-98 

* 74-99 

178.54 

178.49 

178.50 

183.981 

*83-93 

183.86 

186.275 

186.22 

i66.22 

190.312 

190.26 

190.2 

192.27 

192.22 

192.2 

‘ 95->85 

* 95*3 

*9509 

200.65 

200.60 

200.61 

204.468 

204.41 

204.39 

207.272 

207.214 

207.21 
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4. Applications of Isotopes [2] 

Pure isotopes, or enriched isotopic mixtures, can often be usefully employed in 
the study of chemical reactions. 

Thus Polanyi (1934), by using H5'*Q, was able to show that the hydrolysis of esters took 
place by the reaction mechanism (.A), and not according to (B). 

(A) CH3—C = CH,—C + CsH„OH 

\ O—C.H„ + H- -'•‘O—H 

(B) GHj—C = CH,—C + C5H,, '«OH 

'^O- CjH,, + H—\OH 

The amyl alcohol formed in the hydrolysis contained ordinary oxygen, whereas the acetic 
acid which was the other product of reaction contained oxygen with the same content 
as the water used for the hydrolysis. 

Compounds with an abnormal isotopic composition—especially with respect to *’* 0 . 
and —can be used in a similar manner for the elucidation of a variety of biological 

and physiological problems also. 

The isotope which has hitherto proved of the greatest use in work of this kind is the heavy 
isotope of hydrogen, deuterium. 


5. Deuterium and Deuterium Oxide [5-^] 

The heavy isotope of hydrogen, *H, is given the special name of 'heavy hydrogen', 
or deuterium (Gk. to SeuTepov, the second one). It is therefore usual to employ the 
symbol D rather than *H. The hydrogen isotope ‘H is known as ‘light hydrogen’ or 
protium (Gk. to TtpeoTOv, the first one). The atomic nucleus of protium, H+, is the 
proton; that of deuterium, D+, is the deuteron (some authors use the term deuton). 
The name 'heavy water' is commonly employed for deuterium oxide, DjO (=*H20). 

A third isotope of hydrogen, ®H, known as tritium (Gk. t 6 tpixov, the third one), can be 
obtained by artificial atomic transmutation. Tritium (denoted by the chemical symbol T) 
is unstable, and decays with the emission of j 3 -radiation to give *Hc. The most recent 
measurements give a value of 12.41 years for its half-life (W. M. Jones, 1950 * Although its 
half-life is rather short, tritium is found in Nature in very minute amounts. It is produced 
in the uppermost regions of the atmosphere, through nuclear reactions which are brought 
about by the cosmic rays; it gradually reaches the earth’s surface by diffusion and convec¬ 
tion (in the form of HT molecules). According to Harteck and Fallings (1950), 10 cc of 
air contains, on the average, about i atom of tritium; about 1 mole of tritium is present in 
the whole of the atmosphere. Tritium may be enriched about a millionfold in highly con¬ 
centrated heavy water (A. V. Grosse, 1951). Ice with a high tritium content is luminescent. 
Tritium can be prepared artifically by the nuclear reactions shown in Table 73 (p. 588). 

(a) Historical 

Giauque discovered the isotopy of oxygen in 1929. It became apparent that if Aston’s 
value for the mass of hydrogen, determined mass spectrographically (1927), were rccal- 
culated on the new basis for the chemical atomic weight scale, it must lead to an atomic 
weight 0 02% lower than that which had been found from chemical determinations. Al¬ 
though this discrepancy was small, it lay outside the limits of error of the very careful deter¬ 
minations concerned, and Birge (i 93 «) therefore concluded that a heavier isotope must be 
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contained in very sntall amount in hydrogen. Towards the end of 193 ' Urey subjected a 
rantity of liqutd hydrogen to the distillation process, in order to enrich it m the sup^d 
heavie isotope. In the Lomic spectrum of the residue he detected two very weak lines 
wldch would be obtained if, in eqn. (13a) (Vol. I, p. 87), the value of M were twice that 
which leads to the lines of the ordinary Balmer spectrum. W^hburn and Urey shorUy 
afterwards found that the heavy hydrogen isotope was relatively rapidly during 

the electrolysis of water, and in 1933 G. N. Lewis and MacDonald were able to obtain a 
few cubic centimelers of practically pure 'heavy water', D.O, by long-continued electrolysis. 


(b) Preparation 

One <.r the most useful processes for the preparation of heavy water has proved 
to be the cxliaustive electrolysis of water (containing NaOH as electrolyte). As the 
volume of water diminishes, the solution becomes proportionately enriched in 
D.O. Practicallv pure deuterium oxide is now obtainable commercially. 

The hydrogen evolved in the electrolysis of water is enriched in light hydrogen, ‘H. The 
ratio 'H ■ in the gas evolved may be between 3 and 20 times as great as the ratio in the 
solution The reasons for this strikingly high separation effect are not yet fully undemtood. 
The ratio ' H ■ “H in hydrogen gas which has been brought into exchange equilibrium 
with water (cf. p. 558) is only 3 times as high as in water. It is generally ^umed that the 
pr. ferential liberation of the lighter isotope ’H during electrolysis can be attributed to 
Lfcrent rates of discharge of the ions Hr and D*. These rates would differ if the potential 
barrier to be overcome in the act of discharging the ions differed in height for the two isotopes 
(cf. n 700 rl ir? ). It is also probable that the rate at which the atoms combine to form mole¬ 
cules is greater for H than for D. In comparison with all other isotope separation processa, 
the separation achieved in the electrolysis of water is very hig^ Nevertheless, ajuming the 
separation factor* to have the value 5, only 10 cc of 98% D.O can be obtained from 1000 
liters of ordinary water. The electrical energy necessary to decompose 1000 liters of water, 
with a cell voltage of 3.6 volts, is approximately 1000 kWh. Preparation of 10 cc of 99.99% 
D ,0 would necessitate starting with five times as much ordinary water, and would therefore 
require five times as much electrical energ>'. In practice, the usual starting matcnal is not 
ordinary water, but water from technical electrolysis apparatus—c.g., from accumulators 
which have been in use for a prolonged period—which is already somewhat enriched in 
DO** The hydrogen evolved from solutions of high D^O content is also burned, and the 
resulting water, which is enriched in D, 0 , is again subjected to electrolysis. It is possible 
by this means to cut down the consumption of electrical energy to about 100 kWh per gram 

of DjO. 

Gaseous deuterium may be prepared by decomposing deuterium oxide with 
sodium, red hot iron or tungsten, or by the electrolysis of a solution of anhydrous 
sodium carbonate in deuterium oxide. It is also possible to obtain deuterium direct* 
ly from hydrogen gas by the processes of diffusion or distillation considered on 
p. 547. This method of preparation, however, is far more troublesome than the 
extraction of deuterium from water, by way of deuterium oxide, since the latter is 
relatively easily obtained pure, by electrolysis. 


(c) Properties 

Deuterium differs very appreciably in its properties from ‘light hydrogen’, and 
therefore from ordinary natural hydrogen also. The deuterium content of ordinary 

Ratio ’H : in evolved gas 

* Separation factor = —-—^—775—-;—:- 

Ratio : *H m solution 

•• If fresh (ordinary) water is continuously added to the electrolysis vessel to replace that 
which is decomposed, the water becomes enriched continuously in DjO until the ratio of 
to D in the evolved gases becomes equal to the ratio of *H to D in the ordinary water. 
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hydrogen is so small that the properties of tlie latter are not significantly different 
from those of pure protium. 

The accurate \'alut* for the chcmii.«i atomic weight of D is 2.01419, and that of 'H is 
1.00787*. 

Ordinary hydrogen contains the molecules HD. as well as iliose of and D... 
Since the reaction + D.^ = 2HD does not take place with measurable \ elocity 
at ordinary temperature, it is also possible to obtain HD ('deuterium hydride’) 
in the pure state. A few properties of these three substances arc collected together 
in Table 63. 

Deuterium (but nol HD) resembles light hydrogen in that it exists in two difTcreni 
modifications— orlho- and para-deuUrium. .\t ordinary temperature, and in a state of equili¬ 
brium, deuterium consists of 2 parts of o-Dj and 1 part of />-Dj. .At absolute zero pure 
ortho-deuterium is the stable form. The relation between the two forms is thus the converse 
of that found for light hydrogen (cf. Vol. I, p. 44). 

The values found for the moments of inertia** of the molecules Dj, HD and Hj (cf. 
Table 63) indicate that the interatomic distances in these molecules cannot differ by more 
than a few hundredths of an Angstrom unit, at the most. 

Table 64 gives the wave lengths of the atomic spectrum of deuterium, calculated from 
eqn. (13a), Vol. I, p. 87, together with the wave lengths measured by Urey (1932), Rank 
(1932). and Ballard (1933). The difference between the lines of the deuterium and hydrogen 
spectra implies that the ionization potential of the D atom is 0.00365 volt higher than that 
of the H atom. The electrolytic solution potential of deuterium (in contact with deuterium 
oxide) is also about 0.003 volt higher*** than that of hydrogen in contact with water. 
Deuterium is thus slightly nobler than hydrogen. 


TABLE 63 


PROPERTIES OF DEUTERIUM, D„ DEUTERIUM HYDRIDE, HD, AND PROTIUM, H, 



D. 

HD 


Molecular weight 

4.02838 

3.02206 

2.01574 

Boiling point (*K) 

23.6 


20.38 

Melting point (®K) 

18.65 

16.60 

13-95 

Vapor pressure at the m.p. (mm) 

121 


54 

Vapor press, at triple point (mm) 

128.5 

95 

53-8 

Heat of sublimation at 0 "K (cal per g) 

274.0 

228 

183.4 

Normal potential (volts) 

+ 0.003 

— 

0.000 

Overvoltage on Hg 

Heat of formation of molecule from 

0.93 


o.Qo 

atoms (kcal per mol) 

104.5 

103.5 

102.7 

Moment of inertia (g.cm*) 

9.25 • 10-** 

6.19 • 10“** 

4.67 * 10*^^ 

Thermal conductivity A at 0 *K 

2.92 • 10“* 


4,12 * 


♦ These values are obtained from the physical atomic weights (mass values) ofTableSy, 
by conversion to the chemical atomic weight scale. , 

♦* The moment of inertia / of a diatomic molecule is given by / = ^ 

\^1 ^ 


where ntx, arc the masses of the atoms. 

**• If it is assumed thatthcsoIutionpotentialsofD,andH,haveapproxiinately thesame 
temperature coefficient, the fact that the ionization potentials and the solution potentials 
differ by about the same amount would^imply that the energy of hydration of the D+ ion 
must be about i kcal greater than that of the H+ ion. The dau indicate that the dissociation 
of D, into 2D (at o® K) requires the expenditure of 0.90 kcal per g-atom more than for the 
dissociation of H,. This extra energy must be roughly compensated, if the forcgqmg 
assumption is valid, by the greater heat of hydration of the D'*’ ion. 
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The activation energy (cf. p. 700 el seq.) is about 0.85 kcal per mo) grater for D, than 
for H,. This is one reason why reactions with D. always take place more slowly than reaettons 

with Hj (cf. p. 557 )- 


TABLE 64 

LINE SPECTRUM OP THE DEUTERIUM ATOM 

Lyman scries (n, = i) 


— — — — 

n, = 2 

"1 = 3 

"i.= 4 

"1 = 5 

= 6 

" 1=7 

A calculated, A 

A observed, A 

» 2 > 5-33 

1215.33 

1025.44 

1025.44 

972-27 

972.27 

949-48 

949-48 

937-55 

937-53 

930-49 

930-49 

Balmer series (n, = 2) 


" 1=3 

n, = 4 

"i = 5 

= 6 



A calculated, A 

A observed, A 

6561.00 

6560.99 

4860.00 

4860.00 

4339-28 

4339-27 

4100.62 

4100.63 




The most important properties of ‘heavy water’ are collected in Table 65. 
Comparison with the data given in Table 11, Vol. I, p. 49 , w:ll show how the 
properties differ very significantly in some cases from those of ordinary water. 
Thus the melting point is 3.8'’ higher, and the maximum density occurs at 11.6 °C 

instead of at 4 ®C. 

D O crystallizes with the same structure as H ,0 (cf. Vol. I, p. 50). Megaw (1934) gives 
for the dimensions of the unit cell at o^ a = 4-5i7> ^ = 7-354 A in the case ofD.O, and 
fl = 4.514, c = 7.352 A for H, 0 . 

The properties of H^O-DjO mixtures are derived practically additively from 
those of the pure components. In particular, there is only a very minute change in 
volume on mixing D ,0 and HjO. The density of water is thus very nearly a linear 
function of its DjO content. 


An equimolar mixture of H ,0 and D ,0 consists chiefly of HOD molecules, which are 
formed, slightly exothermically, by the reaction H ,0 + D ,0 ?=* 2HOD + 0.036 kcal. 
The ion product [D,Oi • [OD-] is about 8 times smaller than the ion product [H30+] • 
[OH-], at 25®. The electrolytic mobilities of ions arc rather smaller in D ,0 than in H, 0 . 
The ions D30+ and H3O+ display a considerable difference in mobility, the latter being 
about »/a times as mobile as the D, 0 + ion. The solubility of salts in D ,0 is usually somewhat 
lower than in H, 0 , when referred to equimolar quantities of the solvent. However, there are 
some salts which are more soluble in DjO than in H, 0 . 


The D2O (or DOH) content of water is usually determined either by measure¬ 
ment of the density or interferometrically (by taking advantage of the change of 
refractive index). The former method is generally the more convenient, and is 
extremely precise. The concentration of deuterium in gaseous hydrogen is usually 
found by measurement of the thermal conductivity. 

In ordinary water the atomic ratio D : H is 1 : 6000. In general, it exhibits no significant 
variations, irrespective of the origin of the water. However, the D-content of certain highly 
saline lakes and inland seas is perceptibly enhanced (e.g., by about 0.003 atom-per cent in 
the Dead Sea). Deuterium also seems to be slightly enriched at great depths in the oceans 
(by about 0.0023 atom-per cent at 3000 meters). Certain animal and vegetable fluids (milk, 
blood, fruit juices) have also been found to show enrichment to the extent of a few 
thousandths atom per cent, as have certain minerals also. 
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TABLE 65 

PROPERTIES OF DEUTERIUM OXIDE 


Freezing point (at 760 mm press.) 3-82' 

Boiling point (at 7^ mm press.) 101.42° 

Critical temperature 37 * o’ 

Temp, of maximum density 11.6* 

Density at 20 °C 1.1050 

Specific heat at 15° (cal per g) 1.02 

Latent heat of evaporation at 0° (c'al per g) 556.6 

Surface tension at 20° (dyne/cm) 67.8 

Viscosity at 20° (centipoisc) 1.26 

Dielectric constant at 25° 77.5 

Refractive index, np, at 20^ 1.3284 

Ion product at 25° 1.6 • lo”'* 

Molecular freezing point depression 2.05' 


Since ordinary oxygen is a mixture of three isotopes, ordinary water contains not only 
HD '*0 and Dj‘* 0 , but also the corresponding molecules with and *® 0 . There 
are thus 9 different species of distinct molecules in all. Since water has so often been used as 
a reference substance for physical constants, it is most important to prove that the propor¬ 
tions of these various molecular species in ordinary water is always the same. During the 
electrolysis of water, the heavier isotopes of oxygen may undergo enrichment, as well as the 
deuterium. The excess of the heavier isotopes of oxygen can be removed by isotopic ex¬ 
change with some anhydrous substance which contains the oxygen isotopes in their normal 
proportions (e.g., with ordinar>’ sulfur dioxide). The physical constants listed for DjO in 
Table 65 refer to deuterium oxide in which the oxygen isotopes have been ‘normalized’ to 
their ordinary, natural proportions. 

(d) Chemical Properties 

Deuterium and deuterium compounds are qualitatively identical with hydrogen 
and its compounds in their chemical behavior. There are, however, significant 
differences in the magnitudes of the equilibrium constants and especially in reac¬ 
tion velocities. 

The differences in reaction rates usually become more pronounced, the lower the temper¬ 
ature at which reaction occurs. Thus Hj reacts with Cl,, in the presence of CO as catalyst, 
roughly 13 times as fast as deuterium at 0°, and about 10 times as fast at 35° (Rollefson, 
1934). In the presence of nickel, H, reacts with O, at 180° 2.4 times as rapidly as D,, and 
with N ,0 at 160° 2.5 times as fast as does D, (Melville 1934). The conversion of p-H, to 
o-H, at room temperature, in the presence of oxygen as cataJyst, is 16 times as fast as the 
corresponding conversion of o-D, into />'D,. 

A consequence of the lower reactivity of deuterium compounds, as compared with 
hydrogen compounds, is that reactions may take place considerably more slowly in 
deuterium oxide solution than in ordinary water, if the reaction investigated must be 
preceded by an exchange of H for D. Thus the decomposition of nitramide, catalysed by 
OH" ions (H,N • NO, = H ,0 + N, 0 ) is much slower in heavy water than in ordinary 
water, since in the former case deuUronilramide, D,N • NO„ is first formed. Thus in heavy 
water the reaction observed is the decomposition of deuteronitramide. which takes place 
about 5 times slower than that of ordinary nitramide. There are also differences in reaction 
rates in ordinary water and heavy' water—though of rather smaller magnitude—in cases 
where the water only influences the velocity of the reaction through its physical properties 
(viscosity, dielectric constant, solvating properties, etc.). In such instances also, the rates 
in heavy water solution arc always lower than in ordinary water. There are some reactions, 
however, which are faster in heavy water than in ordinary water. These are mostly reactions 
which are catalyzed by the HjO-^ and 0 , 0 + ions, or by OH- and OD- ions. It may be 
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deduced from the theor>' of homogeneous catalysb 
as compared with the proton, can result in an 
(Reitz, 1938). 


that the stronger binding of the deuteron, 
enhanced rate of reaction in such cases 


Hj and Dj do not react with each other directly at ordinary ternperamre. They 
do so at high temperatures, however, and also in presence of a heated nickel wire. 


This reaction does not go to completion, but leads to an equilibrium: 


H, + Dj ^ aHD; 


[HD]« ^ 

[H,] • [D,] 


A', has the value 3.3 at room temperature, and 3.8 at 400*. Thus the equilibrium shifts in 

favor of formation of HD as the temperature is raised. 

The equilibria in the reactions Hj + DCI HD + HCl, and H, -f 5=* HD + HI 
are given by 


[HD] • [HCI] ^ ^ 
[H, ] "[DCI] 


and 


[HD] > [HI] _ ^ 
[H. } - [DI] 


At 125®,A*, = i.sand/Tj = 2.0; with rise of temperature these equilibria are also displaced 
in such a way as to favor formation of HD. 

The equilibrium constant Kt of the reaction 


HaO + HD ?iHOD+Ha; 


[HQD 3 -[H,] ^ ^ 
[HaO]-(HD 3 


has the value 3.1 at 20’. Thus hydrogen gas has a deuterium content only one third of 
that of water with which it is in equilibrium. This equilibrium can be attained at ordinary 
temperature in the presence of suiuble catalysts. In certain cases conditions may be such 
that this exchange equilibrium can be reached during the evolution of hydrogen from 
solutions—for example, in the decomposition of sodium formate by palladium black or by 
enzymes (HCO,Na + H ,0 = H* + CO, + NaOH), or in the electrolytic generation of 
hydrogen at an electrode covered with platinum black. Farkas {1934) proved that under 
these conditions the ratio H : D in the gas evolved corresponded to the above equilibrium. 
As a rule, however, the proportion of light hydrogen liberated in the elcctrolysb of water b 
considerably higher than the equilibrium amount. 


(e) Exchange Reactions with Deuterium Oxide 

If compounds conuining ionically bound hydrogen are introduced into heavy 
water, the hydrogen undergoes instantaneous exchange for deuterium at ordinary 
temperature. Thus HCl reacts immeasurably fast with D, 0 : 

HCl 4 - D ,0 = DCI + HOD. 

It has been possible to show by means of such exchange reactions that all the H 
atoms in ammonia are exchangeable. It does not necessarily follow that in NH, 
itself the hydrogen is ionically bound. Exchange may proceed by way of the NH,+ 
ion, and it may be inferred that all the atoms of the NH4+ ion are equivalent; 

NH, + D ,0 = NHaD^ + OD- = NH,D + HOD, etc. 

Derivatives of ammonia such as methylamine, CHjNH,, aniline, C,HjNH, and 
acetanilide, CHjCONHCjH,, behave similarly. In these and other compounds, 
the H atoms linked to carbon do not undergo exchange by D at ordinary temper¬ 
ature. Hydrogen combined with oxygen or sulfur can be exchanged for deuterium 
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in the same way as that bound to nitrogen or lialogen. Thus l)oth M atoms of 
hydrogen peroxide, and the H atoms of organic hydroxyl groups (e.g., in acids, 
phenols, and alcohols) are exchangeable. 


Where H atoms are joined to C atoms which arc adjacent to CO* or NOg-groups, it is 
found that although they do not undergo instantaneous exchange on treatment with D„0, 
there is a gradual exchange of H for D. The rate at which exchange takes place depends 
upon the rate at which the keto form of the compound concerned undergoes conversion to 
the enol form (e.g., CH3—CO—CHj into CH3—C(OH)CHjh or the nitro-compound 
changes to the aci-form (e.g.. CH3—NOj into CH2=NO(OH) ). 

.^t higher temperatures, or through the action of catalysts, it is possible to effect exchange 
of H atoms which are not ionically bound. Examples of such exchange processes include 
those considered above—the reaction of with Dj, of H3 with DCl and DI. and the 
reaction between and HOD. In the case of organic compounds it is often possible to 
bring about a slow exchange of H atoms bound to carbon, by treatment with concentrated 
‘heavy sulfuric acid’, DjS04 or HDSO4. 

Equilibria arc established in the exchange of ionically bound hydrogen by deuterium, 
just as in the reactions of Hj discussed previously. Account must be taken of the position of 
equilibrium when exchange reactions arc carried out with ‘fairly hca%7’ water—i.c., water 
containing considerable quantities of HjO as well as DjO. 


Since it has been observed that only ionically bound hydrogen atoms undergo 
immediate exchange with heavy water, it is possible, in ambiguous cases, to use 
exchange reactions, to distinguish between ionic and non-ionic hydrogen. Thus it 
has been established that only one H atom of the acid HsP02 (cf. Vol. I, p. 631) 
can be exchanged for deuterium. It had already been inferred from the other 
properties of this compound that it contained only one ionically bound hydrogen 
atom. The result of the exchange experiment with heavy water confirms thjs 
conclusion. 

Exchange reactions with heavy water can frequently be employed in the study of reaction 
mechanisms. They are also of value in biological and physiological chemistry. It has been 
found that deuterium is built into the organism in just the same way as hydrogen (thougl 
relatively less D than H is taken up). Deuterium oxide has a toxic effect at high concen 
trations, possibly because it disturbs the normal reaction equilibria in the organism; it 1 
fatal to higher organisms at high concentrations. It is quite harmless if highly dilute, and 1 
is therefore possible to use deuterium oxide as an indicator or ‘tracer’ in metabolic studies 
The course followed in the organism by any compound containing firmly bound (i.e., no 
exchangeable) deuterium can be accurately followed. 


(f) Other Denteriiun Gompouiids 

Numerous other deuterium compounds are known, in addition to the oxidefd]. These 
may be prepared by essentially the same reactions as are used for the ordinary hydrogen 
compounds. The deuterated analogues of compounds containing lonic^Iy bound hydrogen 
arc most readily prepared from the latter by exchange reactions with D, 0 . 

Like deuterium oxide, other deuterium compounds often differ quite considerably in 
properties from the ordinary hydrogen compounds. They often have lower melting poin^ 
than the latter (although higher in some instances, as with D, 0 ) The vapor pressure of the 
deuterium compounds is generally lower than that of the hydrt^en compounds at low 
temperatures, but greater at high temperatures. The latent heats of fusion and evaporauon 
also generally differ perceptibly from those of the hydrogen compounds. Differences are 
especially marked in the temperatures at which phase transformations occur in the solid 
smte, and there are corresponding differences in the heats of transformation Thus CH. 
undergoes a transformation in the solid state, at ao.4” K, with a heat of transforation of 
15.7 cal per mol. The corresponding transition of CD, occurs at 26.3 K, with a heat effect 
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of 58.7 cal per mol. ND«Br is notable in that it undergoes a transition at—104.° C, which has 
no counterpart in the observed behavior of NHiBr. Corresponding to the transition points 
of NH^Br at + 141'’ C and —38.8’ C, ND^Br undergoes transitions at +132* and —58.5® C 
Clusius, 1938). 



Artificial Atomic Trans 


I I 


ntadons 


(a) Atomic Transformations Due to 'Alpha Particles 

In 1919 Rutherford proved that it was not only when a-particles passed through 
hydrogen compounds that hydrogen nuclei (protons) were obtained as positively 
charged secondary rays. They were also obtained when the rays passed through 
air or nitrogen, but not through oxygen. Furthermore, nitrogen furnished 25% 
more protons than air. From these results Rutherford inferred that the protons 
had been ejected from the nuclei of the nitrogen atoms by the action of the a-rays. 
Proof that the particles observed were protons was afforded by measurement of 
their deflection in a magnetic field. This result was'of outstanding importance, 
since it represented the first observation of an artificially caused atomic transmutation. 
In radioactive processes, the atoms arc undergoing spontaneous disintegration. 
This was the first instance in which an atomic nucleus had been transmuted—i.e., 
in which one chemical element had been changed into another—at will, by 
subjecting it to bombardment with a-rays. Corresponding transformations were 
subsequently observed in the case of many other elements on bombardment with 
a-rays. 

Later investigations showed that the transformations undergone by the atomic 
nuclei in these processes did not consist merely of the expulsion of a hydrogen 
nucleus from the atomic nucleus struck. As a general rule, the a-particle responsible 
for expulsion of the proton was built into the atomic nucleus in its place. The 
nucleus resulting from the transformation was thus, in most cases, not the species 
with mass and charge each one unit smaller than the original, but had a mass 
3 units greater, and a charge i unit greater (corresponding to the diflTerence in 
mass numbers and nuclear charges between }He*^ and {H*}. Since the nuclear 
charge is equal to the atomic number, it follows that the product obtained by 
a-particle bombardment of would be the oxygen isotope and not the 
carbon isotope ‘*C, as might at first have been expected. 


(b) Neutrons 

In 1930, Bolhe found that in many of the transformations brought about by 
a-rays, and especially in the a-ray irradiation of beryllium, protgns were not 
ejected from the nuclei, but a new type of rays appeared. Shortly afterwards, 
Chadwick proved that these rays consisted of particles, with a mass almost equal 
to the mass of the proton, but uncharged. These received the name of neutrons 
(symbol n). In the a-irradialion of beryllium, neutrons are formed by the process 
JBe -f- |He = ‘JC + ^n. Since the neutron is virtually an atomic nucleus without 
any charge, it might also be regarded as the chemical clement of atomic number 
zero. 

Together with protons, neutrons constitute the elementary structural units out 
of which all atomic nuclei are built up (cf. p. 566). The neutron is unstable in the 
free state, however, and after a mean life of about 20 min.it ‘disintegrates’sponta- 
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neously into a proton and an election. As can be seen from the data ol l able bf), 
this ‘disintegration’ involves a not inconsiderable loss of mass. 

Since neutrons bear no charge, they can pass without interaction through the <•!(•( tron 
clouds of the atoms. Thus they do not strip any electrons out of the extranuclear structure— 
i.c.. have no ionizing aclion. In consequence of this, the\ are very penetrating. If tlieir initial 
velocity is high enough, they will pass even througli a layer of lead half a meter thick. I hey 
are stopped only by the rare event of collision with the nucleus of an atom. .\s follows from 
the laws of elastic collisions*, the maximum loss of velocity is sustained by (ollision oi the 
neutron with a nucleus of similar mass, and especially with a hydrogen nucleus. I'his accords 
with the results of experiment, that compounds containing hydrogen are particularK 
efficient in stopping neutrons. Thus a layer of paraffin wax 20 cm thick completely stops 
even neutrons of high initial velocity. 

Neutrons which are in thermal equilibrium with their surroundings—i.e., neutrons 
having a kinetic energy equal to that of gas molecules at the given temperature —are known 
as thermal neutrons. According to eqn. (14). Chap. 17. the mean kinetic cnerg>' of gas mole¬ 
cules—and hence of thermal neutrons—is ’ .,kT (where k{ = RIj\\) is Boltzmann’s constant: 
k = 1.38' to*'* ergs or 8.61 • to * electron volts). .\t T = 293* K. the mean kinetic 
energy of gas molecules is thus 0.038 cv. In the case of neutrons, it is usual to cite not the 
mean kinetic energy, but the ‘probable kinetic energ> ’—i.e.. the value for the kinetic energy- 
corresponding to the most probable velocity at some given temperature. This is equal to 
kT. and has the value 0.025 ordinary temperature. Even at 3000 K, the kinetic 

energy of thermal neutrons (0.258 ev) is still very small compared with the energy of 
neutrons emitted in nuclear reactions, which often have energies of a few million electron 
volts. Neutrons emitted in nuclear processes are therefore called yiid neutrons', whereas 
those which have kinetic energies in the range covered by thermal neutrons are called 
'slow neutrons'. 

(c) Positrons 

Yet another type of radiation is emitted in certain atomic transformations— 
namely positron rays. These consist of high velocity particles, with a mass equal to 
that of the electron, but bearing an opposite—i.e., a positive charge. Positrons are 
therefore often referred to as positive electrons, as distinguished from negative electrons 
(i.e., ordinal^' electrons). 

The positron was discovered in 1932 by Anderson, in the course of investigations on 
cosmic rays**. Shortly afterwards it was found that positrons were also emitted in the 
nuclear reactions brought about by a-rays. The positron has only a very short life. It is. 
indeed, not unstable in the strict sense, but disappears if it collides with an electron. The 
two particles undergo mutual annihilation, their masses being converted into a quantum of 
y-radiation (cf. p. 567 further upon this point). 

(d) Mesons 

Massive particles of still another kind are also formed through the aclion of cosmic rays— 
the so-called mesons (that is, ‘intermediate’ particles, because they have a mass between that 

• If two spheres of equal mass collide, they exchange velocities in the case of a central 
elastic collision. If the sphere struck was initially at rest, then after the collision the im¬ 
pinging sphere has zero velocity. If, however, the colliding sphere strikes a solid wall, it 
rebounds with unchanged velocity. Quite generally, for a central elastic collision, 

— 2 where Cj are the velocities of the spheres of masses mj before 

rrii + 

the collbion, and Vi is the velocity of the body of mass after the collision. 

** The cosmic rays [7]—dbcovered by Hess in 19!2—are the radiations of extra¬ 
ordinarily great penetrating power, which reach the earth from outer space. 
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1 L r.u There are several kinds of mesons. The mesons most 

nr''^'^st"cr''Botirposttively and negatively charged mesons of mass 276me arc also known 
,o stes. both y . . ,„-*sccl It is probable that there are still heavier mesons 

:w;r:™ of They decay extremely rapidly, however, 

with llvrono-'" to .0- sec., forming lighter, mesons. The mesons of m^ 2.ome decay 
to lorni electrons-thc negatively charged /i -mesons giving an ordinary electron, and the 
po!hivcly charged ..^-meson a positron. It is assumed that two neutrinos are formed 

simultaneously in each case (cf. pp. 522, 590). 


(e) The Elementary Particles [7] 

Electrons, positrons, mesons, neutrons, and protons arc termed the >Un^U,y or funda- 
end,since they represent the smallest particles that have been observed in nuclear 
phenomena. Table 66 sets out the accurate mass values of these particles. Since deutcroM 
„d helium nuclei, as well as the fundamental particles, are frequently ejected from the 
atomic nucleus during transmutations, the masses of these species are included. 


TABLE 66 


MASSES AND CHARGES OF THE FUNDAMENTAL PARTICLES, AND 
OF THE DEUTERON AND HELIUM NUCLEUS 


Name 

Symbol 

Charge* 

Mass value 

Helium nucleus 
or a-particlc 

u 

+ 2 

4.002779 

Deuteron 

or d 

+ 1 

2.014192 

Proton 

or p 

+ 1 

1.007596 

Neutron 

n 

0 

1.008979 

Electron 

C" 

— 1 

0.0005486 

Positron 

e* 

+ I 

0.00055 

^ A A * 


• In multiples of the elementary quantum of electricity. 


Photons (i.e., quanta of electromagnetic radiation, hv) and mutrinos are also now included 
among the elementary particles. The neutrino is an uncharged particle, with a rest-mass 
ceruinly less than one-thousandth of the rest mass of the electron; it is possible that it may 
have zero rest-mass, like the photon. The real nature of the elementary particles is per¬ 
plexing. None of them can be regarded as immutable, ultimate units; on the other hand, it 
appears impossible to suppose that they are built up from some still more fundamental 
particles. The current tendency is to regard the different kinds of fundamental particle as 
different ‘modes of appearance’ or ‘states’ of some entity which cannot be more closely 
specified, but which can exist both in the form of matter and as energy. 

(f) Different Sorts of Atomic Transformations; Nuclear Chemistry 

It has been shown that nuclear reactions can be brought about not only by 
a-rays, but by protons, deuterons and more massive charged particles*, by neu¬ 
trons, and y-rays. 

• Nuclear transmutations have also been produced by electrons of very high energy. 
®Hc nuclei have occasionally been employed in place of a-particles ( 4 He nuclei). At 
Berkeley (United Slates), Birmingham (England) and Stockholm (Sweden), ‘stripped’ atoms 
of carbon, nitrogen and oxygen—e.g., **N»*- and *|0*+—have also been successfully 

accelerated to hi^h energies and used for nuclear reactions. 
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A proton or deutcron can indeed penetrate the atomic nucleus, witli considerably j^reaier 
ease than can a helium nucleus (o-particle), since the smaller charge borne by the proton or 
deuteron is subject to correspondingly smaller forces of electrostatic repulsion. The neutron 
can enter a nucleus with much greater ease still. .Advantage is taken of this especially in the 
artificial production of radioactive species of atoms. 

Nuclear reactions [9-//J may be represented by equations whicli cf)rresp{)nd 
exactly to those employed for chemical reactions. That section of nuclear physics 
which deals particularly with transmutations of the elements, occurring in nuclear 
reactions, has appropriately been termed ‘nuclear chemistry’*. 

The fundamental law regulating nuclear reactions is that in all nuclear trans- 
muiaticns, the sum of the mass numbers of the reacting particles and the sum of their charges 
remain unchanged as a result of reaction. 

The following equations give examples of some nuclear reactions. 

(1) '»B 4 - Ja = '|C + *d (6) J’Al + Jd = i^Mr + 

(2) ‘“B +\a = >>C + Ip (7) + fd = »A 1 + ip 

(3) «B + Ju = ‘?N + in (8) r'Al + Jd = ;SSi + ‘n 

(4) >«B + Jd = >>B + Ip (9) «A 1 + Ip = IJMg + la 

( 5 ) + !d = ’iC + 'n (.0) llAl + in = ?iMg + jp 

( 11 ) fJAl + in = 2SA1 + 

(12) JLi-h}p= IBc + y (14) ;D + J/i = |H + ’n + >« 

(13) ItBr + In = HBt + 2ln (15) JD + y = |p + in 

It is customary to denote the particles used for bombardment of the nucleus, and the 
particles ejected in the reaction, by small letter symbols—i.e., protons by p. deutcrons by d. 
helium nuclei by a, and neutrons by n. 

Mass numbers and nuclear charges have been written against all the symbols in the fore¬ 
going equations, for the sake of clarity. It is usual to specify only the mass numbers of the 
atoms involved (e.g., *’A 1 + d = “Mg + a), since the other quantities are implicit in 
the symbols used. An abbreviated symbolism is very often used to denote nuclear reactions. 
In this, the bombarding particle and the ejected particle (in that order) are written in a 
bracket, and this is set between the symbol for the atom subjected to bombardment and the 
symbol for the product atom. Thus the reaction (6) referred to above would be represented 
as: *’Ai (d, a) *‘Mg. Transformations brought about by bombardment with deuterons, and 
resulting in the ejection ofa-particles are referred to briefly as (d, a) changes; those brought 
about by deuteron bombardment with ejection of protons as (d, p) reactions, etc. 

The examples given above serve to show that one and the same atom may undergo a 
considerable number of different nuclear reactions. These may give rise to nuclei of either 
higher or lower atomic number, or to nuclei of the same atomic number but different mass 
(i.e., isotopes) ; the products can also be atoms of different atomic number, but the same mass 
(isobars). Fig. 69 shows how the mass number A and the atomic number of a given 
nucleus may be changed in the most important types of transformations brought about by 
reaction with p-, d-, n-, a- and y-radiations. The arrows show the amount and the direction 
of the changes in A and ^ for the types of reaction given. Thus, the mass number increases 
by 3 units, and the atomic number by i unit in an (a, p) process; a (d, p) or (n, y) reaction 
increases the mass number by i unit without changing the atomic number; In an (n. p) 

* The essentiiil goal of nuclear physics [12-21] is to interpret the nature of nuclear forces. 
One important approach to this objective is the study of transmutations occurring in 
nuclear reactions, and the magnitude of the energy liberated in such processes. Originally 
this subject could be investigated only by purely physical methods, and as such could be 
considered a section of pure physics. With the discovery of artificial radioactivity, the 
subject was opened up for chemical studies, and at the same time became of great im¬ 
portance to the chemist, since it provided a powerful new technique which could be applied 
to the investigation of chemical problems. 
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reaction the atomic number is decreased by 1 unit without change in the mass number. 

The particles ejected in nuclear reactions are usually counted by means ofa Geiger counter. 
This consists essentially of a wire, stretched axially in a glass or metal tube, and charged to 

a potential of a few thousand volts relative to 
the tube. The ions produced by the high 
energy particles arc so accelerated by this 
potential gradient between wire and tube wall 
that, in their turn, they ionize further gas 
molecules. The effect of the ions primarily 
produced is thereby greatly intensified, so that 
the entry of each individual ionizing particle 
into the counter lube gives rise to a distinct 
pulse of current, which can readily be delected, 
amplified and recorded by electronic methods. 
The observation of particle tracks in the 
Wilson cloud chamber has also proved a very 
valuable aid to the accurate investigation of 
nuclear transformations [22]. 

Since it is possible to count very accurately 
the number of particles emitted during radio¬ 
active decay, and hence to determine the num¬ 
ber of atoms disintegrating per unit time, this 
measurement is used as a measure of the inten¬ 
sity of radioactivity. The activity ofa natural 
or artificial radioactive preparation is therefore 
expressed in disintegrations per second (dps). 
Intense acti\ities are usually expressed in 
airies (smaller units being the millicurie, tO"* 
curies, and the microcuric, lo * curies). The curie is defined by i curie — 3.7000 • 10*® dps; 
it was formerly defined as measuring that quantity of a radioactive substance which under¬ 
went the same number of disintegrations per second as i g of radium. Although approxi¬ 
mately correct, this definition has been given up, for the reason that the factor for converting 
dps into curies would be dependent upon the value accepted at any time as the most 
reliable measurement of the half-life of radium. 

Many artificially produced nuclear transformations, especially those brought about by 
charged particles, are of the type known as exchange reactions —i.e., reactions in which the 
colliding particle becomes incorporated in the nucleus, while some other particle is ejected. 
These nuclear reactions correspond to the substitution reactions of ordinary chemistry. 
There arc also reactions analogous to the addition reactions of ordinary chemistry and to 
thermal and photochemical dissociations. 

In the equations given above for typical nuclear reactions, processes (i) to (10) are ex¬ 
change reactions. Processes (11) and (12) are addition reactions; in both cases the colliding 
particle is captured by the nucleus, without any other particle being ejected. The energy 
liberated in the reaction is liberated in each case as aquantumofy-radiation. Equations (13) 
and (14) represent nuclear dissociations, attributable to the kinetic energy of the bombarding 
particle, in the same way as thermal dissociation is caused in gas molecules. Reaction {15) 
is a photochemical dissociation of the nucleus, caused by y-rays. 

Several examples of reversible nuclear reactions arc already known—e.g., 



Z~i Z Z*i Z*2 

*- Atomic number 


Fig. 69. C'hangcs undergone by nuclear 
charge and mass number during artifi- 
(iai nuclear transformations. 


+ n D 4 - y; ’Li -f u ^ + n; "B -F a ?=* + n. 


(g) Energies of Nuclear Transformations 

The quantities of energy liberated in nuclear reactions are enormous in comparison with 
those set free in ordinary chemical reactions. Thus, in the bombardment of beryllium with 
protons, giving the lithium isotope “Li and helium, the energy liberated is 2.13 million 
electron volts (2.13 mev), which is equivalent to 49.1 million kcal per g atom of Be (cf. 
\ oI. I. p. 113). X’alues for the energy liberated in some other reactions are: 
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‘"Olp, a)‘NN 
■^N(p, a)*=C 
^Li(p, a)^He 
»Li(d, ayHc 


3.97 mcv 
5.02 mcv 
17.33 

22.28 mcv 


91.5- lo* kcal jHT g-atom 
115.7 ■ lo* kcal per g-alom 

399-3 ■ g-atofn 

513.6- lo* kcal per g-atom. 


Thus the energies liberated in nuclear reactions are a million times as great as those in\ olved 
in ordinary chemical reactions. There arc also nuclear reactions which are endothermic, 
and the energy change in these is of the same order as in the exothermic processes. Thus in 
the process ‘*N(a, p )^’0 the energ\’ absorbed is 1.20 mev (= 27.7 • 10* kcal per g-atomi. 
and the process D(y, n)H is endothermic to the extent of Q.19 mev (= 50.5 • to* kcal per 
g-atom). 

Although the quantities of cncrg>- liberated in nuclear reactions arc so great, the exlreinely 
small yield of the reactions makes it impossible in general to utilize this source of energy. The 
diameter of the nucleus is very small, as compared with that of the atom (cf. Vol. I, p. 83); 
only a minute proportion of the particles which traverse an atom in the course of their track 
actually collide with the nucleus. Furthermore, only a fraction of such collisions results 
in the bombarding particle penetrating the nucleus, thereby resulting in a nuclear transfor¬ 
mation. For example, an u-particic traverses about 10,000 molecules per cm of its path: the 
yield of proton rays is only om proton per 100,000 a-particles (i.c., collision between the 
a-particle and the nucleus takes place in only one case for every 10® molecules traversed). 
Under comparable conditions, the yield of protons from the bombardment of Nj molecules 
with a-rays is ten times smaller still. This implies that only */io collisions between 

a-particles and nitrogen nuclei results in a transformation, giving a total yield of one collision 
leading to reaction in 10'® collisions between a-particles and Nj molecules. Quite generally, 
the yields (i.c., the number of atoms transmuted per incident particle) found hitherto in 
nuclear reactions produced by a-, d- or p-rays arc between lo’* and 10 The yields of 
reactions involving neutrons may be substantially greater. However, the neutrons them¬ 
selves must be produced by reactions which have a much smaller yield (cf. p. 575). 

The foregoing statements concerning yields of nuclear reactions apply to bombarding 
particles which have a sufficiently great kinetic energy to overcome the strong repulsive 
forces which the nucleus exerts upon an approaching positixely charged particle, according 
to Coulomb’s law. The a-particles emitted from radioactive substances, by means of which 
the first nuclear reactions were carried out (and which are still widely used), have kinetic 
energies of a few million electron volts. It has been shown, indeed, that energies of a few 
hundred thousand electron volts may suffice to bring about reaction with protons and 
deuterons. Even although collisions involving such energies are sufficient, it is not a simple 
matter to produce a beam of uniformly accelerated particles. Bombarding particles with 
energies of i mev and above can be obtained only by using costly high-voltage apparatus. 


(h) Production of Bombarding Particles 

The oldest method for producing highly accelerated bombarding particles is the second¬ 
ary acceleration method introduced by Wien (1925). This was applied to nulcear reac¬ 
tions by Cockroft and Walton (1932). The underlying principle is that canal (positive) rays, 
from a discharge in helium, hydrogen, or deuterium are subjected to acceleration in a strong 
electric field, after they have emerged from the discharge vessel proper. By this means, it is 
possible to obtain the particles in relatively high concentration (in beams carrying a current 
up to several hundred microamperes). It is difficult to increase the energy of the individual 
particles much above a few hundred thousand electron volts, if orthodox methods are used 
to generate the requisite high tension accelerating voltage. Special types of high voltage 
generators have accordingly been developed to give accelerating voltages of i mev and 
above. One of the most important of these is the high voltage machine first constructed by 
Van de Graafr(i933), which works on the same principle as the old static electric machines. 
Other generators involve combinations of rectifiers and condensers in voltage-doubler 
circuits. Particles of the highest energies are produced by the cyclotron, devised by Lawrence 
(1932). This is an apparatus in which positive ions (H+, D+,He*+, and more recently C*+) 
are accelerated by making them traverse a spiral orbit in a strong magnetic field. In the 
course of this, they pass a few hundred or a few thousand times through an electrical field of 
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u, loo kilovolm. The period of orbital rotation of the ions in the magnetic field (which is 
independent of the radius of the orbit) b arranged to synchronizing with the alternating 
polarity of the electric field, with the result that the ions always traverse the electric field in 
the same direction. By this means, the accelerations received by the particles at each passage 
across the electric field are additive, and the ions can be accelerated to velocities which 
would correspond to a voltage drop of several million volts. Development of the pnnciple 
of the cyclotron has made it possible to observe drastic nuclear dissociations brought about 
bv He-^ ions of 300-400 mev energy* The maximum energy as yet obtainable in accelerating 
machines is 2000-3000 mev; the ‘nuclear chemical’ effects of such high energy particles have 

been but little explored. 


(i) The Structure of the Nucleus [16-21] 

Disintegration of the natural radioelements is attended by the emission of either 
helium nuclei or electrons; it was at first inferred, accordingly, that the nuclei of 
the heavier elements were built up from helium nuclei and electrons. However, 
smaller particles than helium nuclei arc ejected in the course of artificial nuclear 
reactions—namely protons and neutrons. The current view, therefore, is that 
protons and ruutrons are the basic structural units of all nuclei. It follows from nuclear 
physical investigations that, within the nucleus, the Coulomb repulsion between 
protons must be outweighed by very powerful forces of attraction, which are 
operative only at very short range. It is therefore not necessary to postulate that 
negatively charged particles (i.c., electrons) must be present within the nucleus to 
confer stability. On the contrary, there are many objections to such an assumption 
[/6'], and protons and neutrons are therefore now regarded as the sole structural 
units in the nucleus; as such, they arc described by the common designation of 
nucleons. 

The fact that electrons arc very commonly ejected from the nucleus in the act of radio¬ 
active disintegration finds its explanation in the transformation of a neutron into a proton 
and an electron: n = H+ 4- e". It roust not be assumed that the neutron is btdlt up from a 
proton and an electron, for the proton can, conversely, be transformed into a neutron and a 
positron: H+ = n + c+. The present tendency is rather to consider that the proton and the 
neutron are two different states of a single entity, the nucleon, differing in their charge and 
mass. The emission of helium nuclei from the nuclei of the heavy elements during their 
radioactive disintegration is to be explained by the particularly great subility of the helium 
nucleus (cf. p. 568). It is quite probable that the helium nuclei are not merely formed in the 
act of disintegration, but are ^ready present within the nuclei of the heavy elements. 

Thus the results of nuclear physics support the hypothesis advanced in 1815 by 
the physician Prout—although in a very much altered form; namely, that in the 
ultimate analysis all the elements were built up from hydrogen, as the primary 
form of matter. This hypothesis was originally based upon the assumption that 
the atomic weights of all the elements were whole-number multiples of the atomic 
weight of hydrogen. However, accurate determinations of the atomic weights 
soon showed that this assumption was incorrect. We now know why the atomic 
weights deviate from integral values. This is in part due to most elements being 
mixtures of isotopes. However, even the individual isotopes and the pure elements 
have atomic weights which are definitely not whole numbers when referred to 
hydrogen = i. This is because of the loss of mass which occurs, according to the 
Einstein mass-energy equivalence, as a result of the enormous amount of energy 
evolved in the formation of atomic nuclei from protons and neutrons. 
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According to the principle oieqiiivaterue betu-een mass and energy (Hasenohrl, i»jo4, Einstein, 
I 905 )> ever>’ body which loses energ>- siinnltanc-ously sulVers a decrease in mass, given by 



where sM is the change in mass (in g), E the change in energy (in ergs), and c the \ < lority ol 
light (cm-sec-‘). An energ>' evolution of i mev (= 1.6015 * * ‘'•’g—cf. \’ol. I. p. 1 ra) 

therefore corresponds to a loss of mass of 


1.6015 *10 * 
(2.9978 • 10^ 


I .7820 • lO"*' g. 


This is the loss of mass of a single atom; for 1 g-atom (multiplying by .V*) it corresponds to a 
mass loss of 1.0736 • lO '^ g per i mev energy per atom evolved. The loss of ma.ss (or 
mass defect) in nuclear reactions is usually expressed in m.m.u. (= milli-mass units, 10 ^ 
units on the physical atomic weight scale). Since 1 m.m.u. = ‘/•oof>*275 of the chemical 
atomic weight unit used as a basis for the foregoing calculation, the nuntbers given above 
should be multiplied by 1000.275. evolution of i mev energy therefore corresponds to 
a mass defect of 1.0739 m.m.u. Conversely, a ma.ss defect of i m.m.u. represents the evolu¬ 
tion of 0.9312 mev energy in a nuclear reaction. 

It may now be stated that the principle of mass-energy equivalence has been thoroughly 
confirmed by experiment. It has been possible in whole series of nuclear reactions to prove 
directly that the energy of the colliding particle and the energy of the ejected particle (as 
obtained from the range of the rays) dilTer by an amount which is quantitatively related to 
the loss of mass in the reaction by the relation of eqn (2). The loss of mass accompanying 
the liberation of energy is particularly striking in the reaction of a positron with an electron. 
The charges arc thereby neutralized, and the mass of both particles disappears simulta¬ 
neously, while two quanta of y-radiation are emitted; the energy’ of each of these is given by 
the relation hv = mc^. The converse of this process, ‘pair production’, the creation of a pair 
of massive particles (electron + positron) from y-radiation of sufficiently high frequency, 
has also been observed*. 


(j) Mass Defect and Packing Fraction 

The Einstein mass-energy equivalence law implies that mass is necessarily lost 
in the process of forming a stable nucleus from protons and neutrons, since energy 
is set free in the process. The difference between the mass of the nucleus, and the 
sum of the masses which the constituent protons and neutrons would possess in the 
free state, is known as the mass defect of the nucleus concerned. 


The deuteron, which is built up from i proton and i neutron, as follows from ihenuclear 
reaction given on p. 564, has the mass defect 1.007596 + 1.008979 — 2.014192 = 0.002383 
(cf. Table 66, p. 562) mass units, or 2.383 m.m.u. Since the helium nucleus, He*+, has about 
four times the mass of the proton, and twice the charge, it may be assumed that it is com¬ 
posed of 2 protons and 2 neutrons. It follows that the mass defect is 2( 1.007596 -|- i .008979) — 
4.00278 = 0.03037 mass units, or 30.37 m.m.u. It follows immediately from the formation 
of the ®He isotope, by means of the nuclear reaction D{d,n) 3 He, that the nucleus of’He is 
composed of 2 protons and i neutron. Its mass is 3.01588, and the corresponding mass defect 
is 8.29 m.m.u. Mass defects can be calculated exactly similarly for the nuclei of the other 
elements, provided that the nuclear masses of the individual isotopes have been determined 
mass spectrographically with sufficient accuracy. Conversely, it is possible to determine the 


* The frequency of‘annihilation radiation’ can be calculated by substituting the appro¬ 
priate values of A, m and c in the above equation: v = 1.23 • lO"*® see-*, or wave length 
A — 0.0244 A. For ‘pair production’, the frequency must be at least twice as great as this, 
since the two massive particles are created from a single y-quantum. 
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mass dcfWts by determination of the energies liberated or absorbed in nuclear reactions, 
and thence to find the accurate masses*. 

It has been possible to deduce the number of protons and neutrons involved in 
the structure of the nuclei of a considerable number of elements, directly from 
..bserved nuclear reactions. From this knowledge there emerges a very simple 
principle, which enables the number of protons and of neutrons in the nucleus to 
be slated in every case, even when not directly derivable from observation. This 
jn iiu iple is that the total number nj nucleons is the same as the mass number of ikeatom. 
Since electrons have no part in the constitution of the nucleus, the number of protons 
in the niiiltus is equal to the nuclear charve (i.e., the atomic number). Hence the number of 
neutrons in <in>’ nucleus is equal to the difjerence between the mass number and the atomic 

number. 


This simple r< lationship between the mass number of any atom—i.c., its rounded-off 
atomic weight—and the total number of its nucleons is due to the fortunate circumstance 
that, following Berzelius, the atomic weights of the elements have been referred to oxygens 
i(>. If atomic weights had been measured relative to hydrogen = i instead, the result of the 
mass cU fects would have been to do away with any simple relationship between the rounded 
off atomic weight and the number of nucleons. For example, bismuth, with 209 nucleons, 
would have had the atomic weight 207.3' instead of 209.00. The atomic weights of the pure 
< lernents. and of the individual isotopes would not have approximated to whole numbers of 
this scale. 

The ratio (.V/ — A) : A, where M is the accurate mass value and A the mass number of 
any atom, is known as the packing fraction f of the atom. When these packing fractions, ob¬ 
tained from the difference between the accurately determined mass values and the mass 
numbers, are plotted as a function of the mass numbers, the resulting curve enables the 
packing fractions to be approximately estimated for those atomic species for which accurate 
mass values have not been experimentally determined (Aston). The required mass values can 
then be obtained with fairly high accuracy from the equation 

A/=d(i+/) (3) 

fable 67 gives the packing fractions and the mass defects of the individual isotopes of 
the lightest atoms. For these elements, the mass values are known with very great accuracy, 
in part from mass spcctographic measurements and in part from measurement of the energy 
liberated in nuclear reactions. The energies of formation of the nuclei from their nucleons, as 
calculated from the mass defects, are given in the Table, in units of millions of kcal per 
g-atom to indicate the enormous amounts of energy liberated in process of building up the 
nuclei of the atoms from protons and elcctroas. It is usual in nuclear physics to express the 
mass defect in mcv.; the corresponding values arc obtained by multiplying the mass defect 
in m.m.u. by the factor 0.9312 (cf. p. 567). In the last column of Table 67 are also given the 
ratios between the mass defects (in m.m.u.) and the total number A of nucleons. These 
figures represent the average mass defect—i.e., the average energy of formation of the 
nucleus—per individual nucleon. It is apparent that this quantity is especially large for the 
helium nucleus. It may be inferred that the nucleus of helium is possessed of particular 
stability. It is true that in the heavier atoms the mean energy of formation per nucleon is 
rather greater still. However, if this were not so, the nuclei of these atoms would not be stable 
at all; thus the nuclei of **C, ‘* 0 . and “Ne, for which the proton numbers and neutron num¬ 
bers are exact multiples of those in the helium nucleus, would break up spontaneously into 

• It is permissible to use in the calculations the masses of the neutral atoms (i.e., nucleus -|- 
outer electrons) instead of the masses of the nuclei. In all nuclear transformations (except 
radioactive decay with / 9 -emission, and A*-electron capture) the sum of the nuclear charges 
docs not change during reaction; hence the masses of the outer electrons cancel out when 
the change in mass is evaluated. See p. 575 for mass changes during radioactive decay. 
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TABLE 67 

MASS VALUES, PACKING FRACTIONS AND MASS DEFECTS OF ATOMIC SPECIES 

OF THE ELEMENTS HYDROGEN TO ZINC 

[In the case of mixed elements, the predominant isotope is marked by heavy type,] 


Atomic 

Number 

1 

Element 

1 

Species 

' Neutron 
Number 

Mass value 

! 

! 1 

1 Packing 
fraction 
/• 10* 

1 Mass defect 

' in 10® 
kilocal 

'in m.m.u.; 

per 

g-alom 

Ratio 
Mass 
defect: 

Mass 

numbei 

I 

Hydrogen 


0 

1 1.008145 

81.45 


1 



Deuterium 

*H(D) 

1 

2.014741 , 

73-705 

2.383 

! 51.2 1 

1.191 


Tritium 

®H(T) 

2 

, 3.01700 

56.67 

9.10 

' 95-5 ' 

3-^34 



unstable 

' 

1 

1 


i 

1 1 


2 

Helium 

^He 

I ' 

3.01698 

56.60 

! 8,29 

CD 

b 

2.763 




2 1 

4.003 876 

9-69 

30.372 

632.22' 

7-593 

3 

Lithium 

*Li 

3 

6.016 95 

28.25 

34-42 

' 739-2 

5-737 



’U 

4 

7.018 17 

25.96 

42.18 

905-8 1 

6.02b 

4 

Beryllium 

’Be 

5 ' 

9-01505 

16.72 

1 62.42 

‘340.5; 

6.936 

5 

Boron 

I OB 

5 , 

10.016 11 

16.11 

; 69.51 

‘492.7 ; 

; 6.951 




6 1 

11.012 81 

11.65 

1 81.79 

‘756.4 

7-435 

6 

Carbon 


6 

12.003 842 

1 3.202 

, 98-90 

2123.9 

1 8.242 



13 C 

7 

13.007 51 

5-78 

104.21 

2237.9 

8.016 

7 ; 

Nitrogen 

•♦N 

7 

* 4 - 0^7 538 

5-384 , 

" 2-33 

2412.2 

8.024 



16N 

8 

15.004 902 

3.268 

1 '23-94 

2661.6 1 

8.263 

8 

Oxygen 

' i»o 

8 

16.000 000 

0 1 

j '36.99 

2941.8 

8.562 




9 

17.004 520 

2-659 , 

' 4'-45 

3037-6 

8.321 



ISQ 

10 

18.004 875 

2.708 

150.07 ! 

3222.8 

8.337 

9 

Fluorine 

l»p 

10 

19.004427 1 

2.330 ' 

158.67 ! 

3407-3 

8 - 35 ‘ 

10 

Neon 

=“Ne 

10 

'9-998775 ; 

—0.6125 

172.46 1 

3704 

8.623 



JiNc 

11 

21.00045 1 

+0.214 , 

' 79-77 

3860 

8.560 



«Ne 

12 

21.99836 

—0.745 

190.84 

4098 

8.674 

11 

Sodium 

' «Na 

12 

22.9964 

— '-57 

200.9 

43‘5 

: 8.74 

12 

Magnesium 

i *^Mg 

12 

23.992 8 1 

—3-00 

212.7 

4567 

8.86 



! «i 4 g 

13 

24-994 3 

—2.28 

220.2 

4728 

8.81 



«Mg 

«4 

25-989 9 

-3.88 

233.5 

5015 

8.98 

13 

Aluminum 

*’A 1 

‘4 

26.990 11 

—3.663 

241.48 

5186 

8.944 


Silicon 

«Si 

1 

*4 

27.985 80 

— 5 - 07 ' 

253-94 

5453 

9-069 



"Si 

15 

28.985 71 

—4-928 

263.00 

5648 

! 9-069 



aosi j 

16 

29.983 3 ' 

—5-563 

274-38 

5957 

9.'46 


Phosphorus 

sip 

16 

30.983 58 

—5-297 

282.26 

6061 

9-«05 

16 

Sulfur 

"S ; 

16 

31.982 25 

—5.547 

291-73 

6265 

9-"7 



» 3 S 

17 

32.982 03 

— 5-445 , 

300.93 

6462 

9-“9 



1 «s ; 

18 

33-978 73 

—6.256 

313-2' 

6726 

9-212 

17 

Chlorine 

MQ 

18 

34.980 05 

—5.700 

320.04 

6873 

9-'44 



"Cl 1 

20 

; 36.977 67 

—6.035 

340.37 

7309 

9-'99 

18 

Argon 

"A ! 

18 

1 35-97900 

—5-833 

329-23 

7070 

9 .'45 



"A 

20 

37-974 9 ' 

—6.603 

35 '*28 

7544 

9.244 



«A 

22 

39-975 '4 

—6.215 

369.01 , 

7924 

9-225 

*9 

Potassium 

3 »K 

20 

38.976 06 

—6.138 

358.27 

7694 

9.187 



«K 

21 

39-976 54 

—5-865 

366.77 

7876 

9.169 



unstable 


1 







«K 

22 

40.974 90 

—6.122 

377.39 

8104 

9-205 

20 

Calcium 


20 

39-975 29 

—6.177 

367.'9 

7885 

9.180 



«Ca 

22 

41.972 16 

—6.629 

388.28 

8338 

9-245 



«Ca 

23 

42-972 5 * 

—6.393 

396.91 ; 

1 

8523 

9-230 

1 
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continued TABLE 67 

MASS VALUES, PACKING FRACTIONS AND MASS DEFECTS OF ATOMIC SPECIES 

OF THE ELEMENTS HYDROGEN TO ZINC 

[In the case of mixed elements, the predominant isotope is marked by heavy type.] 



1 

i 

1 

1 

« » “ ♦ 


Mass defect 

Ratio 

Atomic 

Number 

1 

Element 

Species 

1 

Neutron 

Number 

Mass value. 

Packing 
fraction 
/' 10* 

in m.m.u. 

in lo* 
kilocal 
per 

g-atom 

Mass 
defect: 
Mass 
number 

20 

Calcium 

«Ca 

4 

24 i 

43-969 24 

—6.99* 

409.16 

8786 

9-299 

«Ca 

26 i 

(45-968 5) 

(♦-6.85) 

(427.9) 

(9188) 

( 9 - 301 ) 



«Ca 

28 

47-967 78 

—6.712 

446.53 

9589 

9-303 

2 I 

Scandium 

«Sc 

24 1 

44.970 10 

—6.644 

416.44 

8943 

9-254 

22 

Titanium 

«Ti 

24 

43-966 97 

— 7.1^ 

: 427.72 

9185 

9-298 

47 Ti 

25 

46.966 68 

—7.089 

436.98 

9384 

9.298 



‘»Ti 

26 

47-963 n 

—7-673 

449-47 

9652 

9-364 



«*Ti 

27 

48.963 58 

— 7-433 

458.04 

9836 

9-348 



*oTi 

28 

49.960 77 

—7.846 

469.83 

10089 

9-397 

23 

Vanadium 

soy 

27 

49-963 3 

— 7-34 

466.5 

10017 

9329 

1 

Biy 

28 

50.960 52 

— 7 - 74 > 

478.23 

10270 

9-377 

24 

1 

Chromium 

MCr 

26 

49.962 10 

—7.580 

466.83 

10025 

9-337 


»*Cr 

28 

5»-957 07 

—8.256 

<^9.82 

*05*9 

9.420 



«Cr 

29 

52-957 72 

—7.977 

498- « 5 

10698 

9.399 



«Cr 

30 

53-9563 

—8.09 

508.5 

10921 

9.4*8 

25 

Manganese 

»Mn 

30 

54-95581 

—8.035 

517.18 

11106 

9.403 

26 ! 

Iron 

Mpe 

28 

53-957 04 

—7-956 

506.14 

10869 

9.373 


«Fe 

30 

55-952 72 

—8.443 

528.42 

1*348 

9-436 



»’Fc 

3* 

56.953 59 

—8.142 

536.53 

11522 

9-4*3 



»»Fc 

^ 1 
32 

57.95a 0 

—8.28 

547-1 

**749 

9-433 

27 

Cobalt 

»Co 

32 

58.951 0 

—8.31 

556.2 

**945 

9.428 

28 

Nickel 

»»Ni 

30 

57-953 45 

—8.026 

543-98 

11682 

9-379 



•®Ni 

32 

59-949 0* 

—8.498 

566.38 

12163 

9.440 



«Ni 

33 

60.949 07 

—8.349 

575.30 

12354 

9-43* 



«Ni 

34 

61.946 81 

—8.579 

586.54 

12596 

9.460 



MNi 

36 

63.947 55 

—8.195 

603.75 

12965 

9-434 

29 

Copper 

«Cu 

34 

62.949 26 

—8.054 

592.23 

12718 

9.400 

«Cu 

36 

64.948 35 

—7.946 

611.10 

13*23 

9.402 

30 

Zinc 

**Zii 

34 

63.949 55 

—7.883 

600.09 

12887 

9.376 


“Zn 

36 

65.947 22 

—7.997 

620.37 

13322 

9.400 



"Zn 

37 

66.946 15 

—7.739 

628.42 

*3495 

9.379 



••Zn 

38 

67.946 86 

—7.815 

638.69 

137*6 

9.393 



’«Zn 

40 

69 947 79 

—7.459 

655.72 

14081 

9.367 


helium nuclei, if it were possible to form them by any process. Fig. 70 shows the ratio of 
mass defect to mass number, as a function of mass number. It may be seen that the curve 
has a strong peak at *He, and a second, but much less prominent pe^, at ; the curve rises 
sUghUy to chromium, and then falls gradually. The fact that elements with higher atomic 
weight than chromium are stable, although the average mass defect per nucleon becomes 
progressively smaller, is attributable to the presence in their nuclei of an increasing pre¬ 
ponderance of neutrons as compared with protons. Thus the decrease in binding energy per 
nucleon is smaller than the gain in energy per extra neutron built into the nucleus. Calcium 
is the last element to possess an isotope containing equal numbers of protons and neutrons 
(^gCa). For more than 20 protons in the nucleus, stability b attainable only with an excess of 
neutrons, and this excess of neutrons must become progressively greater as the number of 
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protons rises. This is why 
(cf. V'ol. I. p. 232) from 
calcium onwards. the 
atomic numbers of the ele¬ 
ments become progressively 
smaller than one half the 
atomic weights. 

Fig. 70 shows that for 
elements heavier than car¬ 
bon, the average mass de¬ 
fect per nucleon varies only between 8.00 and 9.44 m.m.u. In "* 0 . 
the mass defect per nucleon is 8.56 m.m.u. In the elements following 
carbon, therefore, each nucleon is at most of a mass unit 

(i.e., V16 ^ ** 0 ) lighter, or at most o.o 88 ®n of a mass unit 
heavier, than in the oxygen isotope '« 0 . This is why the mass 
values of the various atomic species difTer so surprisingly little 
from whole numbers—i.e., from their mass numbers; if protons 
and neutrons had the same masses in the nuclei of all otherelements 
as they have in ‘•O, all the mass values would be identical with the 
integral mass numbers. As compared with the masses of the proton 
and neutron in the free state, however, these nucleons suffer a 
loss of mass of between o. 79 ®o and o.g 4 "o in the nuclei of the ele¬ 
ments considered. 


By application of the mass-energy equivalence principle, 
it is possible to calculate the masses of every member of a 
radioactive disintegration series with great accuracy, from 
the measured disintegration energies, provided that the 
mass of some one member of the series is known. Table 68 
shows masses computed in this way, chiefly for the species of 
atoms making up the natural disintegration series. The 
differences between the mass defects given in the Table 
for the various species* are subject to errors of, at most, a 
few hundredths of an mev or m.m.u. Individual values of 
the masses may, however involve a rather larger uncertainty, 
although this will be the same for all; the magnitude of 
this uncertainty depends upon the accuracy of the masses as 
determined with the mass spectrograph. In the case of mem¬ 
bers of the thorium and uranium-radium decay scries, this 
uncertainty is probably not more than a few tenths of an 
mev, so that the values given for the masses can be regarded 

* Values for differences between the mass defects (in mev) are 
taken from the compilation of Pfliigge and Mattauch {Phys. 44 
(1943) 181). Individual values differ from those given in that refe¬ 
rence, however, by an amount 019.31 mev, which has been added 
to bring the figures into harmony with more recent determinations 
of the masses of Jn, «|Pb, »|Th. "JU and ”|U (Bainbridge, 
* 95 * > Fowler, 1951; Nier, 1951; Stanford, I 95 *i Duckworth, 
1952; Geiger, 1952; Richards, 1952; Ogata, 1953)- 
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Fig. 70. Variation of the average mass defect per nucleon with 
the total mass number. 
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TABLE 68 


12 


MASS VALUES, PACKING FRACTIONS AND MASS DEFECTS OF THE NATURALLY 

OCCURRING RADIOACTIVE SPECIES 


1 


1 

1 

1 


1 Pack* 

Mass defect 

Ratio Mass 

Atomic 

Number 

Species 

1 

1 

u 

'11 
' 2 

1 

Neutron 

Number 

Mass 

Value 

1 

ing 

frac- : 
tion ' 
/’to* 

in m.m.u. 

1 

in mev 

in 10* 
kcal , 
per 

g*atom 

defect 

(inm.m.u.): 

Mass 

number 

81 

AcC ! 

207 

126 

207.0424 

2.049 

1 

1748.68 

1628.14 

37 552 

8.4478 

ThC' 

208 

127 

208.0481 

2.314 

>75>.94 

1631.17 

37 622 

8.4228 


RaC' 

2 10 

; 129 

210.0578 

2-752 

1760.25 

1638.91 

37800 

8.3822 

82 

RaG 

206 

124 

206.0384 

1.865 

1742.87 

1622.73 

37 427 

8.4606 


AcD 

207 

125 

207.0400 

>•933 

1750.26 

1629.61 

37 586 

8.4554 


ThD 

208 

126 

0 

CD 

• 

0 

0 

2.020 

>757.23 

1636.10 

37 736 

8.4482 


RaD 

210 

128 

210.0512 

2.437 

I 766*03 

1644.29 

37 925 

8.4097 


AcB 

21 1 

129 

211.0560 

2.653 

1770.21 

16.^.18 1 

38 014 

8.3896 

1 

ThB 

212 

130 

212.0603 

2.843 

1774.89 

1652.54 

38 115 

8.3721 


RaB 

214 

132 

214.0697 

3.256 

1783.45 

1660.511 

38 299 

8.3339 

83 : 

RaE 

210 

127 

210.0503 

2.393 

i 1766.11 

1644.361 

37 926 

8.4100 

AcC 

21 I 

128 

1 21 1.0536 

2-542 

1771.72 

1649.59 ' 

38 047 

8.3968 


ThC 

212 

129 

; 212.0588 

2.772 

>775.56 

1653.16 ; 

38 129 

8.3753 


RaC 

214 

»3' 

214.0778 

3.634 

>774.52 

1652.19 

38 107 

8.2921, 

84 

RaF(Po) 

2 10 

126 

210.0482 1 

2.294 , 

1767.36 

1645.53 

37 953 

8.4160 

AcC' 

21 1 

127 

21 1.052 I 

2.470 ; 

>772.39 

1650.21 

38 061 

8.3999 


ThC' 

! 212 

128 

212.0556 

2.622 1 

>777.9> 

1655.35 

38 180 

8.3864 


RaC' 

214 

130 

214.0635 

2.969 1 

1787.9 > 

1664.66 

38 394 

8.3547 


AcA 

215 

>3' 

215.0680 

3.>62 

>792.44 

1668.88 

38492 

8.3369 


ThA 

2|6 

132 

' 216.0716 

3.3>7 

1797.77 

1673.84 

38 to6 

8.3230 


RaA 

218 

*34 

. 218.0802 

3.679 

1807.16 

1682.58 

38 808 

8.2897 

86 

An 

219 

*33 

219.0794 

3.626 

1815.27 

1690.14 

38 982 

8.2889 


Tn 

220 

>34 

220.0825 

3.748 

1821.19 

1695.65 

39 >09 

8.2781 


Rn 

222 

136 

1 222.0902 

4.061 

1831.45 

1705.20 

39 329 

8.2498 

87 

AcK(Fr) 

223 

136 

223.0918 

4.118 

1837.92 

I711.22 

39468 

8.2418 

88 

AcX 

223 

>35 

223.09071 

4.067 

1638.23 

17x1.51 

39 475 

8.2432 


ThX 

224 

136 

224.0926 

4.136 

1845.26 

1718.06 

39 626 

8.2378 


Ra 

226 

138 

226.0990 

4.382 

1856.82 

1728.82 

39874 

8.2160 


MsTh, 

228 

140 

228.1059 

4.646 

1867.90 

>739.14 

40 112 

8.1926 

89 

Ac 

227 

138 

227.1013 

4.462 

1862.73 

1734.32 

40 001 

8.2058 

MsTh, 

228 

>39 

CD 

• 

0 

0 

4.607 

1867.95 

1739.18 

40 II3 

8.1927 

90 

RdAc 

227 

>37 

227.1002! 

4.414 

1862.97 

1734-55 

40 006 

6.2069 


RdTh 

228 

•38 1 

1 228.1025 

4-497 

1869.62 

1740.74 

40 149 

8.2001 


lo 

230 

140 

230.1081 1 

14.701 

1881.98 

>752.25 

. 40415 

8.1825 


UY 

23 I 

141 

231.1118 

4.838 

1887.32 

>757.22 

40 529 

8.1702 


Th 

232 

142 

232.1145 

4-935 

>893.58 

1763.05 

40 664 

8.1620 


UXi 

234 

>44 

234.1216 

5.198 

1904.40 

>773.12 

40 896 

8.1385 

91 

Pa 

231 

140 

23f.l 108 

4-795 

1887.49 

>757.38 

40533 

8.1710 


UX, 

234 

>43 

234.1206 

5.>53 

1904.61 

>773.32 

40 901 

8.1394 

92 

U II 

234 

142 

1234.1172 

5.010 

>907.13 

1775.66 

40954 

8.1501 


AcU 

1 

235 

>43 

1 235.1206 

5.>34 

1912.69 

1780.84 

41 074 

8.1391 


U I 

238 

146 1 

1 238.1301 1 

5.467 

>930.16 

I 797 .>i 

41 449 

8.1099 
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as accurate to a few thousandth per cent. |Cf. the data recctttlv ,t;ivcn by Glass, 
Thompson and heaborg, J. Imrg. \ud. Chem., t (tpaal 3.] The mass M is cal¬ 
culated from the mass defect J.tf (i„ m.tu.u.) by the formula 


~ • 00814*) T (.1 - • 1.008979 - “ 


JM 


1000 


where ^ is the nuclear charge and .1 the mass number, 1.008145 the mass of the 
hydrogen atom 'H, and 1.008979 the mass of the neutron. The equation can Ije 
employed, conversely, to calculate the mass defect of atoms for which accurate 
masses have been found directly with the mass spectrograph. Such values provide 
the basis for calculation of the remaining mass defects, using the mas.s defect 
differences found from disintegration energies 
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CHAPTER 13 


ARTIFICIAL RADIOACTIVITY AND 
NUCLEAR CHEMISTRY 

I. Introduction 


In iq34 during an investigation of the positron rays emitted when aluminum 
is bombarded with a-particles, Irene Curie and M. Joliot discovered that the 
emission of positrons did not cease at once when the u-emitting preparation 
(polonium) was removed. It was found to decay gradually with time, following 
the law characteristic of radioactive decay (eqn. (4), p. 514). Their supposition 
that the observations were caused by an artificially induced radioactivity [1-4] was 
immediately confirmed by other experimenU. It was found that the activation of 
aluminum under the action of a-rays was due to the initial production of an un¬ 
stable isotope of phosphorus; this was then spontaneously converted into a stable 
isotope of silicon, with the emission of a positron, the half-life of the active phos- 

phorus being 3.2 minutes: 

•; A 1 + Ju = + Sn: :SP “Si + >=*• 

A very large number of artificially produced radioactive species of atoms is now 
known. There are, indeed, very few elements which have not yet been ‘activated’— 
i.e., converted to unstable, spontaneously disintegrating species. 

2. Types of Radioactive Disintegration 


(a) ^-Decay 

Most of the artificially produced radioactive nuclei undergo transformation into 
stable species by emission of either electrons or positrons. Both of these types of 
transformation are grouped together under the general name of ^-dccay. 

Nuclei which owe their instability to too high a ncuU-on content, in proportion to Ac 
number of protons in the nucleus, decay by ejection of an electron (^“-decay). Those which 
are unstable because they contain an excess of protons, relative to neutrons, eject a positron 
(^*-decay). The former arc stabilized by conversion of a neutron into an electron (which 
leaves the nucleus) and a proton. The latter undergo conversion of a proton into a neutron 
plus a positron, which is emitted from the nucleus. 

Positrons ejected in the / 3 +-disintegration of nuclei possess all possible velocities, 
in the same way as the electrons emitted in ^“decay processes. The energy of the 
/^^-disintegration process is likewise given by the maximum kinetic energy of the 
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positrons. As with /^-emission, it must be assuincc! that th<' (liflerem i- Ijftwccn this 
maximum value and the smaller kinetic energy j)<)sscsse<l l>\ most ol' tlu- positions 
is emitted in the form of neutrii^os. 

It is possible for stability to be achieved in another manner, by the entry oj an electron 
into the nucleus from the extranuclcar structure, and the reartion of this i hdron uiili a 
proton, to form a neutron. The energy liberated in this process is emitted in th<‘ lorm ol ,i 
neutrino* (cf. pp. 522. 590). Decay processes of this kind are g<-nerally known as electron 
capture, or A-capiure processes,since the electron captured by the nucleus generally origi¬ 
nates in the innermost electron orbits, i.e., the A'-level. 

Radioactive transformations involving positron emission or A-electron capture 
have been observed only in the case of llte artificially produced radioelcments. Of 
the two processes occurring in the natural radioclements. tlic emission of electrons 
is also very commonly exhibited by the artificial radioelements. On the other hand, 
radioactive change by emission of a-particles has not been obsetA'ed for any of the 
artificially produced radioactive species, except those that are identical with 
members of the natural disintegration series (including the transuranic elements). 

In radioactive transformations where an electron is emitted, the atomic number 
of the atom increases by unity; conversely, the atomic number decreases by one 
unit as a result of the emission of a positron or of A'-eIcctron capture. In all these 
cases the mass of the atom remains unchanged. 

Examples: 

«Hc «Li + C-, ‘iF "'O + e* 

Electron capture: 

'Be + C" 53 <ia)-s jLi -f- V {v = neutrino) 

Written above the arrows of the reactions are the half-lives of the unstable species. As with 
the natural radioelcments, these half-lives are highly characteristic properties of each 
nuclear species. They are thus independent of the external conditions, and also independent 
of the process by which the unstable nucleus was produced. 

In each radioactive process, the atomic mass is diminbhed by an amount which is 
proportional to the magnitude of the energy radiated. Apart from this, the mass of the neu¬ 
tral atom does not change at all as a result of the emission of an electron, since the nuclear 
charge is thereby increased by one unit, and an additional electron must enter the extra- 
nuclear structure. The mass of the atom also remains unaltered in A'-eIcctron capture 
processes, except for the loss of mass by radiation of energy. Positron emission, on the other 
hand, entails a diminution of the mass of the neutral atom by twice the rest-mass of the 
electron—i.e., by the mass of the positron and that of one electron, lost from the extra- 
nuclear structure as a result of the diminution of the nuclear charge. 

Radioactive species are produced by the same methods as are used for other nuclear 
reactions. In particular, irradiation with neutrons is very frequendy employed. In most 
laboratories, a source of neutrons is provided either by the action of a-rays from radium or 
radon on beryllium (»Be *a = »|C + Jn), or by the nuclear reaction between highly 
accelerated deuterons (from cyclotron, Van de Graaff generator, or Cockcroft-\Valton 
accelerator) and deuterium, the latter usually being used in the form of D 20 -ice (fD -f 
®Hc -|- Jn). A far more intense neutron source is provided by atomic reactors (see below). 
For many purposes, slow neutrons are more efficient in bringing about nuclear reactions 

* y-radiation is also often emitted as a secondary result of the change, as it also frequendy 
is in a- and ^-dccay processes. A further consequence of nuclear transformation by electron 
capture is the emission of the characteristic X-ray spectrum of the element formed by the 
transformation: the A'-level is filled up again by an electron transition from some higher 
level. 



• 

76 ARIIFICIAL RADIOACTIVITY; 

NUCLEAR CHEMISTRY 13 





TABLE 69 



SUMMARY OP THE 

MOST IMPORTANT 

UNSTABLE 

ATOMIC SPECIES 


Element 

Unstable 

species 

Decay 

Half-life 

Decay 

products 

Mode of formation of 
unstable nuclei 

t 

'Iritium 

?H 

e' 

12.41 yrs 

•He 

•Li (n, a ); |He (n, p); 

?H (d,p) 

4 

Beryllium 

JBe 

K 

43 

^Li 

‘SB (P- “)» s^i (p, n); 

•Li (d, n) 

6 

Carbon 

■ic 


20.4 min 


HN (p,a); »fB (d,n); 

‘|C (n, 2n) 



* 1 C 

c' 

^.6-10^ yrs 


’JB (a,p): UC(n,y); 


• * 

• 




»*N (n, p); *JO (n, a) 


Nitrogen 

13 N 

c*** 

10.1 min 

»C 

«B (a, n); «C (p, n); 

7 





»C (d,n); (n,2n) 

H 

Oxygen 

‘|o 


129 sec 

^•N 

‘?N (p,y); ‘*N (d,n); 
‘•0(n, 2n); (y, n) 

9 

Fluorine 

i«r 

gT 


112 min 

i|0 

‘|0 (p,n); {t, n); 

*®Ne (d, a); (n, 2n) 

I i 

Sodium 

?fNa 

C“ 

14.8 hrs 

UMg 

«Mg(d,a); •?Na(d,p); 

11 


*;AI (n, a); flMg(n, p); 
f?Na (n. y) 





12 

Magnesium 

?SMg 

c* 

9.58 min 

nAi 

*»Mg(d, p); JJAl (n, p); 

UMg(n. y) 

13 

Aluminum 

28 A1 

C" 

2.3 min 

«Si 

}|Mg(a,p); \IM (d,p); 

UP HSi (n,p); 

SAl (n, y) 

14 

Silicon 

liSi 

€• 

157 min 

UP 

»®Si (d, p); «S (n, a); 

1% 




«P (n,p); fJSi (n.y) 

15 

Phosphorus 

ijp 


14.07 days 

US 

USi (a,p); JJS (d,a); 

»JP (d, p); »‘C 1 (n. a); 
iJS {n, p); «P (n, y) 

i6 

Sulfur 

? 5 S 


87.1 days 

«a 

“S (d,p); JfCi{n>P); 

f?a (d, a) 

*7 

Chlorine 

nci 

e“ 

38.5 min 

fSA 

!?C1 (d, p); “K (n, a); 
UCl (n, y) 

>9 

Potassium 

UK 

c* 

12.4 hrs 

SSCa 

«K (n,y); {JK (d,p); 
*»Sc (n, a); JJCa (n, p) 

20 

Calcium 

UCa 

C“ 

152 days 

IfSc 

«Sc 

«Sc 

••Ca (d, p); StSc (n, p); 
••Ca (n, y) 


yy 

UCa 


30 min 
150 min 

«Ca(n,y); •SCa(d,p): 

2 1 

Scandium 

«Sc 


85 days 

«Ti 

“Ca (a, p); “Sc (d, p); 
i?Sc (n, y) 

23 

Vanadium 

UV 

C” 

3.74 min 

|*Cr 

liV {d,p); «Mn(n,a); 
UCr (n, p); “V (n, y) 

25 

Manganese 

“Mn 

e“ 

2.59 hrs 

»Fe 

|•Cr(a,p); yFc (d, a); 
I'Co (n, a); “Fc (n, p); 
||Mn(n, y) 




26 

Iron 


C“ 

46.3 days 

l?Co 

ISFe (d, p); “Fc (n, y); 
j;Co (n, p) 

27 

Cobalt 

l?Co 


240 days 

UPe 

UFe (p, y); “Fe (d, n) 



•?Co 


5.24 yrs 

SSNi 

5 ?Co(n,y); |•Co (d, p) 

28 

Nickel 

SNi 

e** 

300 yrs 

«Cu 

IfNi (d, p); 5 SZn ("> «) i 

S|Cu (n, p); “Ni (n, y) 
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TABLE 69 

SUMMARY OF THE MOST IMPORTANT UNSTABLE ATOMIC SPECIES 


{Continued, 


-e 

Element 

Unstable 

species 

29 

Copper 

«Cu 


> i 

-JCu 

30 

Zinc 


33 

Arsenic 

SSAs 

34 

Selenium 

liSe 

35 

Bromine 

?SBr 

47 

Silver 

‘^Ag 

48 

Cadmium 

‘iSCd 

50 

5 > 

Tin 

Antimony 

‘s*SSn 

‘IJSb 

52 

Tellurium 

‘liTe 

53 

56 

Iodine 

Barium 

MI 

‘«Ba 

57 

Lanthanum 

‘«La 

78 

Platinum 


79 

80 

Gold 

Mercury 

’”Au 

MHg 


Decay 

Half-life 

Decay 

products 

e+ 

9.9 min 

l|Ni 


12.8 hrs 

“Ni 

-^e+ 

12.8 hrs 

SSNi 

^e- 

12.8 hrs 

SSZn 

e+ 

36 min 

«Cu 


17.5 days 

’JSe 

^e+ 

17.5 days 

’{Ge 

c~ 

57 min 

llBr 


18.5 min 



18.5 min 



8.2 days 

>«pd 

^e* 

24.3 min 

MPd 


2.4 days 

Min 

Xe- 

43 days 

Min 

e“ 

11.8 min 

MSb 

C" 

60 days 

‘IJTe 


9-3 

‘HI 


90 days 

‘HI 

C“ 

25 min 

*«Xe 

e“ 

84 min 

‘«La 

C" 

41.4 hrs 

‘HCe 


17.4 hrs 

‘?;au 

^c~ 

82 days 

‘HAu 

e" 

2.7 days 

‘l^g 

K 

23 hrs 

‘HAu 


Mode of formation of 
_ unstable nuclei 

«Co(a, n); «Ni (p.n); 
«Cu (n, an) 

‘SNi (p, n); ”Cu (n, y); 
»Cu (Y, n); ^Zn (n, p) 

{a, n); ”Cu (p, n); 
52Cu(d,2n); (n, an) 

5 ‘.As(n,2n); "Asfy, n); 

^JSe (d, a) 

iSSe (d,p): 5|Br (n,p); 
“Sc (n, y); *JSe (n.an) 
“Se (p.n); ’»Br (d.p); 
ll^r (n,y): JiBr (n,2n); 
«Br (y, n) 

‘J|Rh{a, n); ‘“Pd (p.n); 

(d.n); >«Cd(n,p); 
‘5?Ag(n,2n); ‘JJAg (y, n) 
‘‘jCd(n,y); ‘“Cd (d, p); 
‘JJIn (n, p) 

*l5Sn (d.p); mSn (n, y) 
‘ISTc (d. a); i«Sb (d,p); 
»«Sb (n.y); >|’I (n. a) 

'HTe (d,p); »*’I (n, p); 

‘|•Te(n,2n); »«Tc (n, y) 
(p, n); »||I (n, y) 

»|Ba (d,p); »|Ba (n, y); 
‘|»La (n, p) 

‘|?La (d, p); «»La (n, y) 
‘?SPt (d.p); *J?Hg(n,a); 
‘?SPt (n. y) 

‘SoHg (n, p); *"Au {n. y) 
*ISHg(n,y); ‘|SHg(d,p); 
‘?’Au(p, n); >»«Pt (a, n) 


than fast neutrons (their capture cross section—see below—is greater, since they remain for 
a longer time in the neighborhood of the nucleus); they are generally slowed down by 
paraffin wax or water. For certain types of nuclear reaction [e.g.,for (n,2n) and(n,3n)],itis 
necess^ to employ neutrons of very high energy, such as arc obtained when a lithium 
target is bombarded with highly accelerated deuterons—’Li (d, n)*Bc. 


Table 69 shows a selection of the unstable species of atoms that have been 
produced artificially. The last column of the table gives the stable nuclear species 
from which they may be prepared, by means of the nuclear reactions shown. This 
table contains only a small number of the numerous unstable species that have 
already been identified [,«]. Thus at least six different radioactive isotopes of 
copper have been obtained (with half-lives ranging from 4.34 min to 2.44 days), 
and at least seven unstable isotopes of zinc (with half-lives between 36 minutes and 
250 days). In compiling Table 69, preference has been given to those unstable 
nuclei which, because of their mode of formation and half-lives, appear to be of 
special interest as ‘tracers’, or indicators in chemical research. 

Many examples o(dual decay processes h^vc been observed among the artificially 
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produced unstable nuclei, just as for the natural radioactive decay series Several 
Lmples are listed in Table 69 (-Cu, -As and -Br)*. In add.non to the dual 
decay schemes, where two differmt disintegration products are formed with the same 
half-life**, a range of examples has been found in which one and 
product is formed by processes of different half-life (e.g. from Ca, Ag, Cd, 
»*’Te cf Table 69). Nuclei having the same mass number and atomic 

number, but decaying with different half-lives to the same decay product, are 

said to be nuclear isomers, e.g. 


foCa 


30 min “Sc -f e' and 


JSCa 


a s hn «»Sc -f C". 


(b) Nuclear Isomerism 

The first example of nuclear isomerism was recognised by Hahn, in 1921, name¬ 
ly the decay products uranium X, and uranium Z appearing in the uranium- 
radium series. For a long time this remained the only example, but numerous 
other instances have been found since it became possible to prepare unstable nu¬ 
clear species by means of nuclear reactions. 

The phenomenon of nuclear isomerism arises from the fact that the nucleus can 
exist in several different energy states, so that excited states are detectable as well 
as the ground state. In general, a nucleus reverts immediately (i.e., probably 
within io~‘- sec) from an excited state to its ground state, the energy difference 
between the two states being emitted as y-radiation. However, just as for electronic 
transitions in the outer shell of the atom, there are certain ‘forbidden transitions’— 
i.e. transitions that are highly improbable, and take place only rarely or not at all. 
If the transition from some excited state to the ground state is very improbable, the 
state is said to be metastable. Isomeric nuclei are nuclei with the same mass and charge, 


Mftaiiobte 


Mefo^tobf^ 





product 


f Oi%intwQikin 


product 


>s 


1 1 


Parent ? 

Ti 

[Porenf o 

T 

QtOirt X 

'7 

1 atom ^ 



\6fou/tdsiate i 

Cfound State 




(stable) 

0 




1 


72 







Fig. 71. Three types of radioactive change of isomeric nuclei. 

(a) Independent decay 

(b) Dbintegration following isomeric transition 

(c) Isomeric transition from a metastable state of a stable nucleus to the ground state. 
T = half-life. 


• ’‘Cu is an instance of dual decay, since two different disintegration products arc formed 
(•*Ni and “Zn). The fact that one of them is produced by two different mechanisms (by K 
electron capture and by positron emission) is immaterial. A different situation is presented 
e.g. by “Ca, where the two transformations, both leading to the same end product, 
have different half lives. **Ca is thus an instance of nuclear isomerism. 

• * It follows directly from the definition of the disintegration constant A that two different 
disintegration constants (i.e. different half-lives) cannot be involved in dual decayschemes. 
According to equation (11), p. 525, A is determined by the decrease in amount of the active 
species during the time interval d/. This definition contains no assumptions as to whether 
this decrease is the consequence of a single radioactive process, or of several concurrent 
processes. 
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one of which is in the normal or ground state, and the other in a melastable excited 
state h. The disintegration of a nucleus which is in a metastable excited state (e.g. 
by ejection of a / 5 -particle) results in just the same disintegration product as wouK’ 
be formed by a similar decay process from the nucleus in its ground state. The 
decay takes place, however, with a different half-life. This mode of disintegration 
is represented in Fig. 71a, and is known as nuclear isomerism with independent decay, as 
distinct from the type shown in Fig. 71b, in which the decay product is not formed 
directly from the metastable excited parent nucleus. The latter first undergoes a 
y-ray transition from the excited state to the ground state, with the half-life T^, and 
subsequently forms the disintegration product (e.g. by ejection of a /5-particle) 
with the half-life 7 ”,. The more improbable the transition of the parent nucleus 
from its excited slate to its ground state, the longer is the half-life 7 ",. This type of 
transition is known as an isomeric transition, and in such a case the isomer which is 
present in the excited state is symbolized by appending an asterisk to its chemical 

symbol. Thus . 

« ^ 2.44 days 

*4Sc* —-U **Sc 


symbolises the fact that the metastable excited nucleus of the scandium isotope of 
mass 44 changes into its ground state with a half-life of 2.44 days. The scandium 
isotope **Sc is unstable in its ground state also; it decays with a half-life of 3.92 
hours, emitting a positron and forming the calcium isotope **Ca: 


ftSc 


3.92 hrs 

-» 


«Ca- 


Whereas, in the decay of the normal **Sc nucleus, the observed half-life is 3.92 
hours, the half-life observed for the decay of the isomeric <<Sc* nucleus is 2.44 days," 
since in this case the rate-determining process is the formation of normal **Sc 
nuclei from the isomeric ^*Sc* nuclei. The considerations are the same as in 
consecutive chemical reactions, in which the reaction that proceeds most slowly 
determines the over-all velocity. If the isomeric transition takes place more rapidly 
than the disintegration and ejection of a massive particle, the latter is the rate- 
determining step. An example of this is provided by the radioactive cobalt isotope 
•®Ck), of which the metastable isomer •®Co* fairly rapidly passes over to the ground 
state with emission ofy-radiation, whilst the resulting ground state **Co undergoes 
/ 5 -decay to form ‘“Ni over the course of years: 




10.7 nun 

-» 


{?Co 


5.24 years 

— I 

fi- 


“Ni. 


At the same time, a certain proportion of the ••Co* (about 10%) decays directly 
with the emission of / 5 -rayst; 

a t ■■■■» * 

S 2 Ni. 


•?Go* 


10.7 rnin 




On the whole, the nuclear isomerism of cobalt accords with the scheme of Fig. 71a, 
except that the ground state of ••Co is also linked with the excited state through an 
isomeric transition. The details of this decay scheme of the two cobalt isomers is 

§ There are alw cases where two metastable states exist, as well as the ground state. 
There will then be three isomeric nuclei. 

t The half-life of an excited nucleus for decay by emission of a massive particle is neces¬ 
sarily the same as for its isomeric transition with y-ray emission, since both processes result 
in a decrease in the number of atoms of the atomic species. The argument is the same asTor 
dual decay processes. 
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shown in Fig. 72. Itmay be seen that neither of the two ^-transformations yields the 
^“Ni nucleus directly in its ground state. In both cases, the ^Ni nucleus is initially 
formed in an excited state, from which it immediately passes into the ground state 

by the emission of y-radiation. 

, Relations between the isomeric nuclei UX, 
to and UZ (Fig. 73) exactly parallel those between 
•oCo* and ‘^Co. UX, represents a metastable 
excited state of the ”*Pa nucleus, whereas UZ is 
the ground state of the ’^*Pa nucleus. 99*®5% 
the UX, nuclei transform directly into U II: 
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whereas 0.15% first undergo an isomeric tran¬ 
sition into normal *”Pa (= UZ), which then 
decays further to form ”*U (= U II); 


«}Pa 


6.7 hrs 
-► 


«iU. 


" y 7 

Fig. 72. Decay scheme for the 

two isomers of Co. difference from the example discussed 

previously is that, as shown in Fig. 73. UX, and UZ emit several groups of 


/S-rays, whereas ‘“Co* and •°Co 
each emit only a single group of 
/ 9 -rays. 

A third type of radioactive trans¬ 
formation that results from nuclear 
isomerism is observed when a nu¬ 
cleus which can be produced in a 
metastable excited state is stable in 
its ground state—i.e., does not un¬ 
dergo radioactive disintegration. 
In this case, only a single half- 
life is observed, corresponding to 
the y-ray isomeric transition of 
the nucleus from its metastable 
state to the ground state (Fig. 71c). 
Table 70 lists some examples of the 
three different kinds of radioactive 
transformation arising from the 
occurrence of nuclear isomerism. 

(c) Mirror Image Nuclei 

An interesting group of positron 
emitters consists of those nuclides 
in which the proton number is one 
unit greater than the neutron 
number. By emission of a posi- 
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UX, and UZ. Numbers beside the arrows show 
the energies of disintegration or transition, in 
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iron, these are transformed into nuclei with the neutron number 


one unit 







types of radioactive disintegration 
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Independent decay 


Decay scheme involving isomeric 
transition followed by disintegration 




2.5hn*‘ 


•*l?Sc 


i|Mn 


K 6 . 5 d»YL I 




SCa 


P- 

- ■ > ^;sc 

30 mm 


HMo —^ “Nb 
6.70 hrs 


IfMn 




21 min 


UCr 


J|Mo 




17 min 




!!Sc* —;!Sc£. iJCa 
2.44 days ** " 


!»Zn* - SgZn-^ ;?Ga 


90 


13.8 hrs 


91 


«Sc 


—-—»• JiCa 
3.92 hrs ” 


SSZn 




57 niin 


•JGa 


S'Se* 


Y / 3 " 

^ SlSe S‘Br 


A* A* 

► ;|Mo ”Tc - 

2 days 20_hrs * 




Xl^fn 

4 SSn 

iin 


57 "'in 


«Br*-<»Br 

4.54 hrs 


^ tlKv 

^ S;Se 


liSe 


'J!Ag ‘“Pd ‘“Rh* —■;<Rh-£;‘“Pd 

24.3 mm 4.34 min “ ** 

/h 


► »JAu 


^\lCd n|In 

2.4 days * 

‘■•In 

13 sec 

■••Sb ‘SSn 

15 mm 

1 JHg -^-1. «2Au 
23 hn 




g- 18.5 min SjRr 


•i‘In* 


4 - 8 ida 7 r 

■“Tn* -^mTe£.‘|;i 

35.5 days 

1.2 days 


»«Rh —L 

.. o . 


niin IJSe 


I 


-S—^ «Pd 

41.8 sec ” 

iJJIn 

1.2 rmn 

” 5 ' 

9.3 hrs 

1*9 T.. ^ 1..T 


- ^ > ».T 

25 min ” 


Isomeric transition of stable nuclei from metastable excited state to stable ground state 


*Ge*- ' -► »*Ge; 

5 ♦ 10*’ sec 


••Kr* 


1.88 hrs 


■►'•Kr; 


”Sr* 


2.75 hrs 


> "Sr: 


107 Ag* 


44.3 sec 


^ 107 Ag; IWAg' 


39.2 sec 


*i»Agj u#Ckl* 


2.3 min 


"»Cd; 


iwin* 


1.74 hrs 


-►“»In; 


“«In* 


—ii»In; ***Tc*-i-*. i«Te; 

4*5 hrs 1.2 • i0“* sec 


n’Ba*- ^ . > “’Ba; *"Au*- - -►'"Au; *'>*Pb*_ ^ 


2.64 min 


7.4 sec 


1.10 hrs 


greater than the proton number. If a nucleus containing p protons and n neutrons 
is termed a ^ -f n nucleus, it transforms into a n -j- ^ nucleus (for p = n i); 
thus a 6 + 5 nucleus (^JG) decays into a 5 + 6 nucleus (‘JB). This group of 
positron emitters is known as ‘mirror nuclei’, and an unbroken sequence is known 
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for mirror nuclei with charges from 6 to 22. The half-lives for disintegration 
diminish regularly along this series; the disintegration energies increase in the 
same sequence, in such a way that there is a roughly linear proportionality be¬ 
tween the logarithm of the decay constant and the logarithm of the disintegration 
energy. The mirror nuclei thus he on a Sargent curve (with a few exceptions), and 
furthermore this curve forms the approximately linear continuation of one of the 
two curves on to which the natural radioelements fit (cf. p. 5*6). 

(d) Successive Disintegrations 

If the disintegration product of an unstable nucleus is itself also unstable, so that it 
decays radioactivcly in its turn, successive disintegrations occur, making up a decay scries 
or decay chain. E.g.. 

«Se ^5 ■"i" , ”Br + e . 5|Br ||Kr + e . 

The occurrence of decay series of more than two steps among the artificially produced 
radioelcmcnts of low mass is exceptional. Disintegration scries comprising many members 
are, however, observed especially among the transuranic elements (cf. Chap. 14). This is 
associated with the occurrence of a-particlc decay (as well as /?-decay) among these 
elem«’nis. just as it is among the natural radioelcmcnts ***U, ’’‘U and Th. It is also found 
that disintegration series of considerable length occur in the decay of the nuclei of moder¬ 
ately higli mass, which arc formed when the heaviest nuclei undergo fission by neutrons. 

(e) Spallation’ 

In general, only one or two (or in exceptional cases three) corpuscles—i.e., neutrons, 
protons, dcuterons, or a-particles—are ejected from a nucleus by a colliding particle. It has 
been shown, however, that colliding particles of extremely high energy can bring about 
processes in which far greater numbers of massive particles arc torn from the nucleus. Such 
an event is spoken of as a multiple disintegration or ‘spallation’ of the nucleus (Scaborg). 
Numerous examples of these multiple disintegration processes are now known. ThuslJAsis 
converted directly into jjMn by bombardment with deuterons of 200 mev energy, and 
is converted directly into ‘"JW (among other products) by a-particle$ of 380 mev 
energy: 

"As + Jd = ”Mn + 9|p + i2jn: 

“ 5 U -I- Ja = + 2o}p + 35jn. 

Thus an a-particlc of extremely high energy, in a single act of collision with the uranium 
nucleus, can split off 55 nucleons—20 protons and 35 neutrons. In the usual abbreviated 
symbolism, the foregoing equations would be represented as ’‘As (d, gp 1211) “Mn, and 
*’*U (a, 20p 35n) **’W. 

Other examples of this type of multiple disintegration are **P (d, gp 7n) ‘’N, •*$ (d, lop 
7n) ‘’N, ’‘As (d, lop r6n) “Cr, ’*Ge (d, p 5n) “Ge, ’**Sb (d, 6p i6n) ‘**Pd, **‘U (a, 6p lan) 
**‘Ra (ThX). A large number of different multiple disintegration processes are often induced 
concurrently. Thus, when J|As is bombarded with deuterons of 190 mev energy, it has been 
observed that no fewer than 38 different atomic species are produced. Except for quite a 
small number, formed by nuclear reactions of the ordinary kind, all of these were the pro¬ 
duct of ‘spallation’ reactions. 


3. Uses of Artificially Activated Elements [5-/4] 

The artificially produced radioactive atomic species can be used as tracers or 
indicators, in the same way as the natural radioclements. Indeed, they enable the 
radioactive tracer method to be extended—in principle, at least—to practically 
any required element. This possibility has introduced new and powerful techni- 
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ques, not only to chemical research (especially in tlic hehl of'icaction kim-iii^ 
but also to biology and medicine. Increasing use is being made of ja(lioacti\ - 
tracers in industrial work also. In addition to their value as tracers, the attitici 


radioelements find wide application as }’-ray irradiation sources, in place of X-i .. 
tubes or radium preparations, both in radiotherapy and for industrial radiolo!^. 
{e.g., inspection of welds). These /-ray sources are far less e.xpensivc than radium, 
and have advantages over high-voltage X-ray equipment in being more roinpat t 
and much more mobile, and capable of being designed to meet the needs of special 
applications. It is possible that artificial radioelements may largely displace X-ras 
apparatus and radium preparations, as irradiation sources for therapy. 


The wide application of artificially activated elements has been made possible by the 
fact that many of them—in particular those formed in the fission of uranium, and those 
which are readily obtained by irradiation with neutrons—can be continuously produced in 
nuclear reactors. These radioelements—or compounds containing them—are therefore 
obtainable commercially, like ordinary chemicals. Tables 71 and 72 show a number of the 
artificial radioelements; only those species are cited which emit either a pure /1-radiation or 
a pure /-radiation. The latter property is important if the elements are to be used as 
irradiation sources. Radioactive isotopes of a number of other elements arc commercially 
obtainable, in addition to those mentioned in the two Tables. The most widely used radio¬ 
isotopes are iodine-131, phosphorus-32, carbon-14, sodium-24, gold-198, sulfur-35, oobalt- 
60, potassium-42, calciura-45, iron-55 -59, strontium-89 and -90, bromme-82, and 
iridium-182. 

*«Co has found especially widespread use in industry as an irradiation source, e.g.. for 
materials testing; it has an extremely penetrating /-radiation, and a relatively long half-life. 

Radioactive isotopes find uses in therapy not only for external irradiations, but are also, 
in many cases, introduced into the body. Certain elements are secreted preferentially in 
particular organs of the body—e.g., iodine in the thyroid gland, and phosphorus in the 
bones. Thus if medicaments containing radio-iodine or radio-phosphorus (which are 
obtainable, already prepared for use) are administered to the b<xly, these elements are 
accumulated at those sites where it is intended that their radiations should be applied. It is 
considered possible that radioactive radiations might be produced by nuclear reactions 
carried out directly within the body of the patient. Thus the attempt has been made to 
enrich cancerous tissue in boron, and then to convert the boron to lithium by irradiation 
with neutrons. The a-rays produced by the nuclear reaction ‘JB (n, a) JLi then exert a 
concentrated biological effect on the tissues in the immediate neighborho^ of the boron 
atoms. Radioactive sources are used in biology, e.g., to bring about mutations, through the 
action of the radiations on the chromosomes. Experiments of this type have proved of value 
in the study of genetics. 


TABLE 71 

COMMERCIALLY AVAILABLE RADIOISOTOEES WITH PURE ;S-RAD1ATI0N 


Species 

Half-life 

Maximum 
energy of ^-rays 

Species 

Half-life 

Maximum 
energy of ^-rays 


1 

12.41 yrs 

0 

• 

0 

0 

mev 

SJSr 

54.5 days 

1463 mev 


5589 y” 

0.155 

mev 

•JY 

2.54 days 

2.18 mev 

?JSi 

157 min 

1.48 

mev 


7*5 

1.04 mev 


14-07 days 

1.69 

mev 

‘siPr 

13.7 days 

0.922 mev 

SS 

87.1 days 

0.169 

mev 


2.26 yrs 

0.223 

nca 

152 days 

0.254 

mev 

*«T1 

2.7 yrs 

0.783 mev 
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TABLE 72 


COMMERCIALLY AVAILABLE RADIOISOTOPES WITH ESPECIALLY 

PENETRATING y-RADIATION 


1 

Species 

Half-life 

^ Decay 

1 

Maximum energy of 
/?-rays (mev) 

Energies of y-rays 
(mev) 

“Na 

15.10 hrs 

C" 

••39 



2-755 

, 1.380 

1 A 

12.44 brs 

C“ 

3-58. 

••99 


•• 5 * 

0.822 


UMn 

2.59 hrs 

C‘ 

2.86, 

• •05, 0.75 


•• 77 > 


iJFe 

46.3 days 

C" 

0.46, 

0.257 


• •30. 

1.10 


•?Co 1 

5.26 yrs 


0.318 

{c+ 0.66) 


•• 33 . 

1.17 


•JCu 

12.88 hrs 

c" K 

0-57 


••34 




1.187 days 

e“ 

3 ' 5 . 

2.56, 1.5, 

0.4 

1.70, 

1.20, 

0.55 


19.5 days 

' e" 

1.80, 

0.724 

0,68, 

1.08 




60 days 

e" 

2.29, 

1.69, 0.95, 

2.04, 

1.71, 

0,730 

1 


0.50 



2.26, 

1.67, 

0.87 

’J?La 

1.67 days 

C" 

2.26, 

1.67, 1-32 

1 

1 

■J»Pr 

19.1 hrs 

C“ 

2.23, 

0.66 

1 

1 

•• 74 . 

0.49, 

0.424 


117 days 

1 

0.53 



1.22, 

• -• 3 . 

0.22, 0.15 


The chemical use of artificial radioactive elements has chiefly been as tracers. For example 
it has been shown (Erbacher, 1935) by using *»»Au as tracer that gold and platinum are not 
quantitatively separated by the action of H, 0 „ although from experiments on the indivi* 
dual elements it is found that only gold is reduced from its compounds by H, 0 „ and not 
platinum. Use of the radioactive sulfur isotope **S made it possible to prove the presence in 
ihiosulfuric acid of two sulfur atoms with completely different chemical properties, in 
accordance with the constitutional formula ascribed to the compound (cf. Vol. I, p. 720); 
these sulfur atoms cannot undergo exchange with each other. It is also noteworthy that 
manganese in the form of MnO«" ions does not undergo exchange with manganese which 
is present as Mn** or Mn*+* ions, whereas an immediate exchange of charges takes place 
between Mn*'*’ and Mn**'*’ ions (Polissar, 1936). It has also been shown that iodine is not 
ionically bound in organic compounds such as CtH»I. If CiH|I is irradiated with slow 
neutrons, ‘-‘I is formed, and this is ejected from the molecule (because of the recoil effect 
of emitting a quantum of y*radiation}. On treatment with water containing a reducing 
agent, the active iodine is converted into I~ ions, and can readily be separated in this form 
from the C1H5I (Szilard, 1934)*. If the iodine in C,H(I were bound in a form which could 
be ionized, such a separation would be impossible. Bromine and iodine behave similarly, 
and in this manner it is possible to isolate the radioactive halogens in unweighably s mall 
(‘carrier-free’) quantities. 

During the last few years, the radioactive indicator method has proved especially useful 
in the fields of organic chemistry and biochemistry. It has been possible by this means to 
trace for the first time the mechanism of certain reactions. Radioactive tracers have found 
similar applications in biology. Thus the use of the radioactive phosphorus isotope has 
made it possible to trace how phosphorus, taken up (in the form of its compounds) by the 
animal organism, is distributed in the course of time between the various organs, and how 
it is eventually excreted. 

Artificially activated elements have also found applications as tracers in industry. For 
example, they have been used to control and indicate the flow of liquids, such as petroleum, 
in pipe lines. They also make it possible to follow the course taken by some selected element 
in large scale operations. Thus, by means of the appropriate tracer it has been possible to 

• This so-called SzUard-Ckalrrurs process is a valuable method of obtaining certain artificial 
radioelements in a state of high specific activity, from relatively weak neutron sources. The 
process is applicable only to elements which are present in covalently-bound form, and 
which undergo (n, y) reactions with a sufficiently high recoil energy. 
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follow the rate of germanium, which is often present in zinc ores, through every step of 
the extraction of zinc, even though the germanium content may be extremely small. 
Radioactive tracers have also been used in studies of the friction of rubbing surfaces, the 
wear of tires and of road surfaces. 


4. Reactions of ^Hot’ Atoms 

The splitting-off of neutron activated halogen atoms from organic compounds, 
cited above, is an example of the so-called ‘hot atom’ reactions. This name is given 
to chemical reactions which are brought about directly by nuclear processes, in 
that the energy liberated causes the rupture of chemical bonds. In certain cases, 
hot atom reactions make it possible to separate nuclear isomers. Generally speaking 
it is impossible to separate nuclear isomers, since these have not only the same 
chemical properties but the same masses. However, in the case of a pair of nuclear 
isomers related by an isomeric transition (cf. pp. 534, 578), the y-rays emitted in 
the isomeric transition can frequently be used to effect a separation. Consider, for 
example, a tellurate solution containing the nuclear isomers ‘*‘Te* and *’‘Te, with 
half-lives of 30 hours and 25 minutes, both present as tellurate ions. If a small 
quantity of inactive alkali tellurite is added, and then separated again, from the 
tellurate, the resulting preparation is found to contain only that nuclear isomer of 
half-life 25 minutes. The explanation is that a portion of the y-rays emitted in the 
transformation of the *’*Te* nucleus into the normal “‘Te nucleus undergoes 
internal conversion (p. 521). An electron is thereby ejected from the K ot L shell 
of the resulting ‘**Te atom (of half-life 25 min). Through a process known as the 
Auger effect, the energy set free in filling up this inner shell again is transferred to 
the valence electrons, and leads to the breaking of a chemical bond between 
tellurium and oxygen. The tellurate ion is thereby converted to a tellurite ion, 
with the result that part of the 25-minute activity can be separated in the form of 
tellurite. An analogous separation has been found to take place with other geneti¬ 
cally related pairs of nuclear isomers. 


5* Gross Sections in Nuclear Reactions 

The number of neutrons crossing unit area (i cm*) each second, in a particular direction, 
is known as the ruulron fiux, F, If the neutrons traverse an absorbing medium, the number 
absorbed increases with the number of neutrons entering the medium. The absorption is 
also dependent upon the velocity of the neutrons, v. If the thickness of the absorbing layer is 
small, so that v is not appreciably diminished in traversing the medium, the decrease in 
neutron flux along the x-direction can be represented as 

r- 

— (I) 

where Ni, is the number of nuclei of the absorbing element per cubic centimeter (sometimes 
termed Loschmidt’s number), and <t is a constant, known as the cross section of the absorbing 
nuclear species. This constant is of the dimensions cm*, and can be schematically thought of 
as the target area presented by the nucleus concerned to the neutron beam. If every neutron 
were to be absorbed if its mid-point intersected a surface defined by the projected area of 
an atomic nucleus, but were not absorbed if it did not fall within this area, then the total 
cross section would be the same as the actual target area of the nucleus. This is of the order 
of magnitude io~** cm*. The cross section o may, however, be very much smaller than this, 
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or may in some eases be much larger. The quantity 10-** cm* is taken as the unit for 
measurement of o, and is known as the bam (1 barn = lO"** cm*). 

The cross section defined by eqn. (l) is strictly referred to as the total cross section, a,. 
I hc attenuation of a beam of neutrons, by which a, is defined, is compounded of the di¬ 
minution of neutron flux due to reflection and scattering of neutrons by the nuclei, and of 
the diminution due to the absorption of neutrons by the nuclei. A variety of nuclear 
reactions may be brought about by this absorption of neutrons, and for each mode of 
reaction it i.s possible to define, and to determine experimentally, a corresponding capture 
cross section. 

Interaction cross sections can be determined for the absorption of other colliding particles 
(protons, deuterons, helium nuclei, and also photons of y-radiation), and for the nuclear 
reactions that they induce, in the same way as for the absorption of neutrons and the various 
nuch'ar reactions caused by neutrons. It is of some importance to determine the cross sec¬ 
tions for the individual nuclear reactions, since (as will be shown below) a knowledge of the 
cross sections makes it possible to predict the yield of artificially produced atomic species 
that can be obtained from a given flux of radiation. 

The interaction cross section depends upon the energy of the colliding particles {\mv* or 
hv. respectively), as well a.s upon the type of particle and the nature of the nucleus bom¬ 
barded. In the case of neutrons, the probability of capture by a nucleus, generally increases 
in proportion to the time spent by the neutron in the neighborhood of the nucleus. It may 
therefore usually be assumed that the capture cross section for neutrons decreases with in¬ 
crease of neutron energy. For positively charged particles, however, the cross section for 
nuclear reaction at first increases with increasing kinetic energy of the particles, and then in 
most cases begins to decrease again gradually at rather high values of the kinetic energy. 
The reason for this is that in order to penetrate into the nucleus, a colliding positively 
charged particle must possess sufficient translational energy to overcome the forces of 
repulsion initially exerted upon the particle by the similarly charged nucleus. Below a 
certain minimum ‘threshold’ energy, the cross section for endothermic nuclear reactions is 
zero. Unless the bombarding particle possesses sufficient energy to be used for such a 

reaction, it cannot enter the nucleus 
at all. 

If the energy liberated by the 
penetration of a colliding particle 
into the nucleus just suffices to raise 
the new nucleus so formed to an 
‘excited’ state—i.e., into a stale of 
higher energy from which it may 
undergo a transition to the ground 
state, with emission of y-radiation, 
the probability of capturing the col¬ 
liding particle is particularly great. 
This shows up in that the curve 
relating the cross section with the 
energy of the colliding particles dis¬ 
plays steep maxima. These maxima 
are termed resonance peaks, since the 
phenomenon can be interpreted on 
a quantum mechanical basis as a 
resonance efTect. For the capture of 
neutrons, it is usual to find very high 
resonance peaks only for neutron 
energies below about 10 ev. In the 
range up to 10 cv, however, the cross 
section for neutron capture may rise, 
at the resonance peaks, to a value 
100,000 times as great as the actual target area of the atomic nucleus. 

For the scattering of very slow neutrons—especially those of thermal energies—the cross 
section also depends upon the crystal structure of the substance bombarded. According to 


f mov 



Fig. 74. The cross section of the lithium nucleus 
as a function of the kinetic energy of the neutron. 
E = kinetic energy of colliding neutron, in cv or 
mev 

a, = cross section (in barns) for the nuclear reac¬ 
tion JLi + Jn = *H -f }He 
Of = total capture cross section for the absorp¬ 
tion of neutrons by lithium 
£ and a arc plotted on a logarithmic scale along 
the coordinate axes. 
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the fundamental equation of wave mechanics, X = -the wave length A to be ascribed 

m • V 

to a thermal neutron is of the same order of magnitude as the interatomic distances in 
crystals. When a beam of such neutrons passes through a crystal, diffraction phenomena 
therefore take place. The attenuation of the neutron beam along different crystallographic 
directions therefore depends upon the crystal structure. The study of neutron diffraction is 




Q001 aot 


10 ^ 10 * 


Fig. 75. Variation of the total cross section a, of the Be nucleus for neutrons of different 
energies. Oi in bams; E in ev, on logarithmic scale. 


analogous to, and supplementary to, the study of X-ray diffraction, as a means of in¬ 
vestigating the structure of solids. 

Figs. 74-77 exemplify the variation of the nuclear cross section with the velocity (or 
kinetic energy) of the particles. As the upper curve of Fig. 74 shows, the total cross section a, 
of lithium for neutrons decreases regularly with increase in the neutron energy. From the 

slope of the curve, it is seen that the cross section o, is a linear function of- —i.e., of the time 


spent by the neutron close to the nucleus. This is true of many other elements also—e.g., 



Fig. 76. Variation of the total cross section 
(7| of the ur anium nucleus for neutrons of 
different energies, in barns; Hinmev 


Fig. 77. Cross section of the “^Np nu¬ 
cleus for fission by neutrons of different 


energies. o> in bams; 


E in mev 


for boron. It may happen, however, that a is practically independent of the neutron 
velocity, over a wide range. An example of this is given in Fig. 75. Resonance peaks may be 
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seen at several places on the curve of Fig. 75—in this instance, rather exceptionally, at quite 
high E values. The lower curve of Fig. 74 shows how the cross section for the reaction 
*Li + n = ’H -)- a varies with neutron energy; here again there is a distinct resonance 
peak at quite high neutron energies. Figs. 76 and 77 give other examples of the variation of 
cross section with neutron energy. The curve of Fig. 77 refers to the cross section of “’Np. 
M indicated by the curve, **’Np is one of those nudei for which Bssion can be brought 
about by fast neutrons, but not by slow neutrons. From the figures given in Table 73, it 
may be seen that the cross sections vary over an extremely wide range, according to the 
reactions to which they relate. 


TABLE 73 


CROSS SECTIONS FOR VARIOUS NUCLEAR REACTIONS 


Reaction 

Energy of 
bombarding 
partide 

Cross- 

section, 

bams 

Energy of 
bombarding 
partide 

Gross- 

section, 

bams 

*H + n = 'H + y 

0,025 cv 

0*0003 



*H + d = 'He -f p 

0.1 mev 

0.023 

1 mev 

0.09 

*H + y = »H 4 - n 

2.6 mev 

0.00066 

6.2 mev 

0.0012 

•Li 4 - n = ’H 4- a 

0.025 

900 

1 mev 

0.33 

•Li 4- p = 2 a 

0.1 mev 

0.00008 

I mev 

o.oooog 

•Li 4 - p = ’Be 4- n 

2 mev 

0.23 


— 

loB 4- n = ’Li -f a 

0.025 

2500 

I mev 

0.45 

14 N 4- n = ^*C -f p 

0.025 cv 

1.2 

2.8 mev 

0.04 

••Na 4- n = “Na 4 - y 

0.025 

0.4 X 

1000 ev 

3-33 

”A 1 4- n = “Al + y 

0.025 

0.1 

0.5 mev 

0.0018 

i«Ag 4 - n = »”Ag - 1 - y 

0.025 ev 

3 

I mev 

0.09 

»”Gd 4* n = »»Gd + y 

0,025 

270,000 

0.2 ev 

1 19,200 


6 . Yield in Naclear Reactions 


The number JV of bombarding particles absorbed per second by a thin layer of substance, 
of area is given by eqn (i) as 


dF 

N — -j- q ' dx ^ Of’ Ni.' F • q • d». 
dx 


The number of partides absorbed per second by one cubic centimeter of the sample is then 

Oj • Affc • F ♦ y • dx 


q • dx 


= ff, • M • F. 


This also represents the number of nudei jVi, which would be produced per second per 
unit volume, if the bombarding partides disappeared by this reaction alone. However, only 

the fraction — is used up in the nuclear reaction, where a^, represent the cross section 

for the reaction and the total cross section, respectively. Hence the yield of nudei from the 
nuclear reaction is 


ATr = Or • ATt • F (2) 

Therefore the capture cross section Or prorides a direct measure of the vidd of a nudear 
reaction from the given element, in the particle flux F. 

If eqn (ji) is multiplied by the time of irradiation (in seconds), the result is the total 
number of nuclear transmutations effected in that time, on the assumption that the number 
of nudei available for reaction has not changed signiflcantly during the irradiation period; 
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if this assumption is not valid, the variation of the number of reactant nuclei with time must 
be allowed for. 

A case of considerable practical importance is the calculation of the yield in the pro¬ 
duction of artificial radioactive nuclei. For this calculation, it is necessary to subtract from 
the number of nuclei produced by the bombarding particles, during the time interval dt. 
the number which have disappeared through radioactive disintegration. The increase in the 

number of radioactive nuclei, per cm* of material irradiated, is then represented by 


dN 


• A L . F — NX 



(where X is the disintegration constant of the radioactive species which is formed in the 
reaction, with cross section Or). Integration of eqn. (3) yields 


^ - Ok - Ni.- F (i — e-■’*) 



where Nt is the number of radioactive nuclei per cm* which have accumulated during the 
irradiation time /. Equation (4) has the same form as eqn. (13), p. 525, which represents 
the increase in the number of atoms of a radioactive decay product from a long-lt\'ed mother 
substance. The maximum amount Noo of the radioactive species which can be formed per 
cm* of substance is found by substituting / = 00 in eqn. (4): 


Noo — ^ Ok - Nl - F (5) 

This yield is achieved by making the time or irradation long in comparison with the half-life 
of the radioelement formed. It may be seen from eqn. (5) that the maximum concentration 
of the artificial radioelement which can be obtained from a nuclear reaction is determined 
essentially by the particle flux F, The neutron flux which can be obtained in nuclear 
reactors, and used lor the technical production of artificial radioclements is in most cases of 
the order of to^* to 10'* neutrons per cm* per second. The quantities of material which may 
be subjected to neutron irradiation under these conditions are ordinarily i to 10 g or more— 
e.g., for the production of phosphorus (which is required in considerable quantity for 
medical work) by the S(n, p) reaction, sulfur is irradiated in kilogram quantities. 


7* Nuclear Stability 

It is now generally assumed that the forces of interaction between the constituents of the 
nucleus are resonance forces in the wave mechanical sense, and that these are strong enough 
to hold the nucleus together against the Coulomb repulsive forces between the protons. 
However, the resonance forces of attraction only outweigh the Coulomb repulsion if the 
ratio of number of protons to number of neutrons lies within certain limits. Nuclei with a 
small number of protons are only stable, as a rule, if the number of neutrons is equal to, or 
one greater than, the number of protons. With increasing numbers of protons, the maximum 
stability progressively shifts in favor of an increasing preponderance of neutrons over pro¬ 
tons. Fig. 78 shows the relation between the number of neutrons and the number of protons 
in the nuclei of stable and artiflcially produced unstable elements; from the Figure it may 
be seen that a nucleus is unstable both when the ratio of neutrons to protons is too small, 
and when it is too great. 

It does not follow that an-unstable nucleus disintegrates immediately; provided that the 
energy of the nucleus is not too greatly in excess of the energy of its disintegration products, 
there is only a certain probabiUiy of disintegration. This probability is quantitatively expressed 
by the disintegration constant [eqn. (4), p. 514]. The facts can be interpreted in the following 
manner, as was first proposed by Gamow (1928) for the emission of a-particles in radio¬ 
active decay. If the potential energy of a positively charged particle is plotted as a function 
of its distance from the center of the nucleus, a curve such as Fig. 79 is obtained. Outside the 
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I I I I I I I < I i ]■ I ■ I 1 I I I I I ' I A I I nucleus, the variation of the potential 

J’ Cr^ follows Coulomb’s law. Inside a stable 

oo*J nucleus, the potential energy of an elec- 

e * * * * A tropositive particle is lower than it would 

’ • ° • o • I be outside the nucleus, even at an in- 

5 0 0 * 0 ^7 finite distance. In an unstable nucleus, 

‘ o o ♦ o * however, there are positively charged 

I ••• o/'' particles with a higher potential energy 

•1 000 / than they would possess at a great distance 

0***?° from the nucleus. Nevertheless, if the 

a potential of such a particle is lower than 

' o • • summit of the potential wall which 

1 . ooofio surrounds the nucleus, it isunablctoescape 

. • •> from the nucleus, according to classical 

J ^ mechanics, unless some external forces act 

f o 0 •p upon the particle and lift it over the po- 

0 • tential barrier. According, to wave me- 

6 o • I'o chanics however, there is a certain pro- 

7 o • j/o bability that the particle may ‘leak’ 

5- o*>o° through the barrier*. The number of 

.. o • ^ o atoms to which this happens, in unit 

J time, is directly proportional to the pro- 

^ bability of the event. Hence the radioac- 

67 e tivc disintegration constant is numerically 

- - Proton numtifr / cqual to the probability of escape of the 

Fig. 78. Proton numbers and neutron num- corresponding particle from the nuclem. 

bers in the nuclei of the elements of atomic The smaller the breadth of the potential 

numbers 0-25. barrier through which the particle must 

Stable nuclides are represented by black cir- tunnel, the greater is the probability of 
cles unstable species by open circles. Nuclei escape; correspondingly, the kinetic ener- 

for which the neutron numbers and proton gy which the particle acquires after lea- 

numbers are equal fall on the dotted line. ving the nucleus is also greater, since— 

graphically expressed—it slides down 

the potential hill from a greater height. This conclusion leads at once to the Geiger- 
Nuttall relationship [eqn. (9), p. 5 * 5 ]- 

In a-emission from identical nuclei, all ^ ^ 

the particles are emitted with the same / 

velocity. In /i-decay, however, both posi- / \ 

trons and electrons leave the nucleus with vA > 

velocities whicharedistribuied continuously \ I — 

over a wide range. The maximum kinetic — -1 ^-r”*' 

energy of the ^-particles in this process V J 

corresponds to the energy loss of the nu- 

cleus, as calculated from the loss of mass t l • 

and the mass-energy equivalence law. The . amow po 

majority of the ^:particles have a smaller f “ whtch would hberated 

ene^rgy than this, however, and in order to removing a postUvely charpd parUcle to 

explain this disappearance of energy, the r ■'adtusr.« 

hypothesis has been advanced that in defined as the dutance from tht imd-point 
decay, other particles (in this case un- °! ‘h' nucleus to that at whtch the poten- 
charged) are emitted from the nucleus, in fnncUon begins to desnate from that 

addition to positrons or electrons. These *>ased on Couombs law (shown by the 

hypothetical particles are termed neutrinos dotted curve), 

as already described (pp. 522 and 562). 

^ There is a corresponding possibility of a particle leaking into the nucleus from out* 
side. This is why collision with a positively charged particle may lead to penetration 
into the nucleus, even although the kinetic energy of the particles is too low to overcome 
the calculated Coulomb repulsion. 
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Fig. 78. Proton numbers and neutron num¬ 
bers in the nuclei of the elements of atomic 

numbers 0-25. 

Stable nuclides are represented by black cir¬ 
cles, unstable species by open circles. Nuclei 
for which the neutron numbers and proton 
numbers are equal fall on the dotted line. 


Fig. 79. Gamow potential barrier. 

E is the energy which would be liberated 
by removing a positively charged particle to 
the distance r = 00, The nuclear radius r, is 
defined as the distance from the mid-point 
of the nucleus to that at which the poten¬ 
tial function begins to deviate from that 
based on Couomb’s law (shown by the 

dotted curve). 
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8. Energy of Formation of Nuclei 


The mass defect of a nucleus provides an exact measure of the energy Iiberat«d in formiiiv 
a nucleus from its constituent nucleons. However, the mass values arc not known lor all 
atomic species with sufficient accuracy for the calculation of energies of formation of th<- 
nuclei. It is therefore of some Interest that it is possibU to calculate the en« rg>- of lormation, 
to a satisfactory approximation, from the theory of nuclear forces. 'I'his theory is, indeed, not 
sufficiently developed to permit of an exact calculation of nuclear energies without the 
introduction of <-mpirical data; however, the empirically determined constants that appear 
in the calculations are the same for all the elements. The formula given below therefore 
makes it possible to compute energies of nuclear formation even for species which dis¬ 
integrate at once, under the conditions in w’hic h they are formed, so that anv «-xpenmental 
determination is completely impossible. Use will be made of this possibility in a later sec¬ 
tion, in the discussion of nuclear fission. 

The formula for approximate calculation of the energy of formation ol the nucleus is 
derived as follows. .As already mentioned, it is assumed that the imra-nuclear forces art- 
wave mechanical exchange forces. Under the conditions obtaining within the nucleus, these 
have only an extremely minute range of action. This leads to the result that the energ> 
liberated from the association of the nucleons under the action of these forces is approxi¬ 
mately proportional to the mass number A. The constant of proportionality will be denoted 

^The idea that strong exchange forces operate between the nucleons is based on the 
assumption that a proton can transfer its charge to a neutron, so that if the two nucleons 
are in the closest proximity, the states p-n and n-p continually alternate with each other. 
Just as the exchange of an electron between two protons gives rise to a chemical bond, so 
the alternation of the states p-n and n-p gives rise to binding forces of ver>- great magnitude. 
Binding forces may also operate between a pair of neutrons, but these are very much 
weaker than between a proton and a neutron. Hence the binding energy of a nucleus which 
contains an excess of neutrons is smaller than OiA. It can be shown that, when account Ts 
taken of the weaker neutron-neutron binding forces, the energy is less than aiA by an amount 

aj (A 2^ )’ this expression, d, is another constant, and ^ — 2.^is the excess of neutrons 
over protons. 

Because of their like charge, the protons in the nucleus repel one another. 1 he work to 
be expended, in overcoming this repulsion and building the protons into the nucleus amounts 

to fl, —, where a* is another coastant proportionality factor, and r is the radius of the 

nucleus. Since r» is proportional to the mass of the nucleus, r is proportional to A'^k There¬ 
fore the binding energy given in the preceding paragraph must be further diminished by 

•C* 

an amount a* -jr-. 

A ** 

Allowance must also be made for the looser binding of nucleons on the surface of the 
nucleus than in the interior of the nucleus. This surface effect is proportional to r*, or to A’/., 
so that a further amount OtA'U is to be deducted from the binding energy. 

Finally the spin effect must be taken into account. Like the electrons in the core of an 
atom, a quantized spin must be assigned to the nucleons in the nucleus. Protons with oppo¬ 
site spin can pair up, just as electrons achieve ‘spin coupling’. The same is true of neutrons, 
but there is no spin coupling between a proton and a neutron. In a nucleus which contains 
both an even number of protons and an even number of neutrons (an ‘even-even’ nucleus), 
all the nucleons are paired. The especial stability of even-even nuclei is attributed to this 
coupling of all spins. If a nucleus contains an even number of protons and an odd number 
of neutrons (an ‘even-odd’ nucleus), one of the neutrons remains unpaired. In general, such 
a nucleus is less stable than a nucleus in which all spins arc coupled. If there is an ^d 
number of protons and an odd number of neutrons in the nucleus (‘odd-odd nucleus), it 
contains two unpaired nucleons. It is exceptional for nuclei of this type to be stable. In 
calculating the energy of formation of the nucleus, the spin effect can be included by in- 
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scrting in the expression a term in which a, may be either positive or negative in sign. 

according as all nucleons are paired, or as two are left unpaired. If the nucleus contains a 

single unpaired nucleon, Oj takes the value a# = o. k- /• \ 

Thus the formula for calculation of the energy of formation of the nucleus (in mev) 

takes the form 




(A — 2^Zy 
A 


+ 

A '* 


A 



Values for the proportionality constants are 

a^ = 14.0. fli = 19.3, = 0.585, a» = 13.05, 

— +130 for even-even nuclei, <15 — — 130 for odd-odd nuclei, 

= o for even-odd nuclei and odd-even nuclei. 

By means of this formula, for example, the energies of formation of the nuclei of JgCa. 
IJCr, tJCu, iJTh. and *||U may be calculated as 342, 452, 544, 1760, and 1796 mev, 
respectively. These agree satisfactorily with the values 342, 456, 552, 1763 and 1797 mev 
found from the mass defects of these nuclei. 


9. Rules of Nuclear Stability 


The theory of nuclear forces [i6’2t, Chap. 12] has not yet arrived at that stage of 
quantitative development at which it is possible to make a general prediction of the 
mass numbers associated with any particular nuclear charge. However, it is now possible, 
from the experimental data, to formulate certain rules concerning the composition of 
stable nuclei. The most important rules are as follows. 

[1] There arc no pairs of stable isobars differing in nuclear charge by one unit 
(Mattauch’s rule). 

This rule, which was deduced empirically by Mattauch in 1934, can be regarded as a 
strict law, according to current nuclear physical knowledge (Jensen. 1939). A few apparent 
exceptions are simulated by the existence oflong-lived isotopes, the nuclei of which probably 
undergo transformation by electron capture. 

[2] Among nuclei of even mass number, the stable isobars invariably have an even 
proton number and even neutron number (Harkins’ rule). It is a corollary that an odd 
proton number is never associated with an odd neutron number. 

A few light nuclei (JH, JLi, 'JB and *}N) form exceptions to this rule. 

[3] Every odd mass number is represented by only a single stable nucleus. 

Nuclei with even proton numbers may possess either even or odd mass numbers. Nuclei 
with odd proton numbers, however, can only have odd mass numbers, according to rule 2; 
furthermore, according to rule 3, certain of these must be excluded, namely those that also 
exist as nuclei with other proton numbers. This is why the elements of odd atomic number 
are, for the most part, represented only by a single stable nucleus (cf. Table 61, p. 549). 
Such mixed elements as exist among the elements of odd atomic number never possess more 
than two stable nuclear species (cf. Table 62, p. 551-2). This accords with the next rule. 

[4] Every chemical element is represented by at least one nucleus of odd mass, but 
never by more than two nuclei of odd mass (Aston’s rule). 

The elements of atomic numbers 18, 58, 43, and 6r contravene this rule. The first two 
(A and Ce) possess only isotopes of even mass number. The other two elements are unstable. 
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The first atomic species to be produced artificially were only stable or unstal)ic 
isotopes of already known chemical elements. It later proved possible to produce, 
by means of artificial nuclear transformations, elements which had not, up to that 
time, been discovered in Nature. It has, in fact, Ijeen found that certain of these do 
not exist in Nature at all. The artificial production of these elements enabled all the 
remaining gaps in the Periodic Table to be filled up, and elements have also been 
prepared with element numbers higher than that of uranium, until then the last 
element in the Periodic Table. These are the transuranic elements, which will be 
discussed in the next chapter. 

The first element to be prepared by artificially induced nuclear reactions, but 
not found in Nature, was the element of atomic number 43, technetium. When the 
formation of this element was first observed, through the bombardment of molyb¬ 
denum with dcuterons (1937), there were altogether four gaps in the Periodic 
System: the places for the elements of atomic numbers 61, 85 and 87 were also 
vacant. Since that date, many unstable nuclear species of these elements have been 
discovered. Studies of nuclear systematics make it very probable that there are, in 
fact, no stable nuclei with these atomic numbers. 

The existence of stable nuclei with these atomic numbers would be contrary to Mattauch’s 
rule. From the position of element 43 in the Periodic Table, it may be expected that the 
most stable isotopes must have mass numbers of about 98. However, every mass number 
between 94 and 102 is already represented among the stable isotopes of the two neighboring 
elements, 42 and 44 (Mo and Ru) (cf. Table 62, p. 551). Hence, according to Mattauch’s 
rule no stable isotope of atomic number 43 can exist. Similar considerations apply to element 
61. Its most stable isotopes must have mass numbers about (47. but every m«iss number be¬ 
tween 142 and 150 is already found among the stable isotopes of elements 60 and 62. These 
two examples show once again that the nuclei with even proton number are more stable 
than the nuclei of odd proton number. Isotopes of element 61 were first definitely charac¬ 
terized in the fission products of uranium (Marinsky, Glendenin, and Coryell (1947)). The 
clement has been given the name oipromethium. For the artificial preparation of element 43. 
see p. 231-2. 

Elements 85 and 87 occur in that region of the Periodic Table where every clement is un¬ 
stable. It may be assumed, therefore, that the only nuclear species of elements 85 and 87 
which can exist will also be unstable, and will be rather short-lived, since the elements of 
odd atomic number are usually shorter-lived than the adjacent elements of even atomic 
number. It is only possible for elements of fairly short half-life to exist in Nature in delectable 
quantities if they are formed continuously by the decay of elements with long half-lives. The 
only possible parents arc uranium (*’*U and ***U) and thorium. Hence it was to be expected 
that if elements 85 and 87 exist in Nature, they must be members of the natural disintegra¬ 
tion series. In 1939, Percy proved that actinium underwent a dual decay scheme, about 1% 
of the atoms emitting an a-particlc, while the remainder underwent ^-decay. According to 
the displacement rule, actinium must be converted by a-emission into an element with 
atomic number 87 (and mass number 223)—-i.e., into eka-cesium, which has since been given 
the name francium (Fr). Francium is itself a ^-emitter, of 21 minute half-life, which decays 
to form AcX, It was found that francium could readily be co-precipitated with rubidium or 
cesium perchlorate or chloroplatinatc as carrier—i.e., that its properties correspond lo 
those of an alkali metal. Element 85 {eka-iodine, now called astatine) was first obtained 
artificially by Segr6 (1940), by the bombardment of bismuth with high energy a-particles— 
‘g^Bi (a, 2n) 'JJAt. It has a half-life of 7.5 hrs, and undergoesdual decay. 60% of the atoms arc 
converted into *®^Pb, by way of *“Po (AcC'), and 40% change via *®’Bi, probably with *®’Pb 
as final end product. In 1943, Karlik and Bernert proved that astatine also occurred as a 
member of ^e natural disintegration series. They showed that RaA, ThA and AcA all 
underwent a dual disintegration, to form *S|At (branching ratio 0.03%), **|At (branching 
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TABLE 74 

NUCLEAR SPECIES OF THE ELEMENTS 


43, 61, 85 AND 87 


Nuclear 

species 


•n'c’ 

43 * ^ • 

«Tc? 

•‘Tc* 

“Tc 


8STc 

43 


•«Tc 


# 7 Tc* 

43 


®«Tc ^ 

I c. 

5 ®Tc* 

»Tc 

‘ofl'c? 

•J‘Tc 


Half-life 


4.5 mm 
2.7 hrs 
50 min 
< 50 min 
20 hrs 


62 days 

4.2 days 

gi days 

40 min 
6.6 hrs 
2.12- io‘ yrs 
1.33 min 
16.5 min 


Decay 


e* 

e* 

y 




K 

99.2 % 


‘S|Tc 

15 min 


‘«Pm 

200 days 
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V 
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% 

‘••Pm 
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CO 
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u 
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0 

M 
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£ 
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u 

4 

P 
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c 

0 
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(i 

njAt 
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S 3 k- 

•‘•Fr 
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30 sec 
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0-A 

«‘Fr 
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0 E 



.a i 
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.1 _ _ 
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*./T 

► t* 


K 


c* 

y 

e" 

-> 


e 

c 


K 

K 

C" 


Decay 

Products 


«Mo 

••Mo 

SJTc 

••Mo 

«Mo 


•|Mo 

•|Mo 


••Mo 


•’Tc 

43 *^ 


••Ru 

«Tc 

••Ru 

‘JJRu? 

‘•‘Ru 


•«Ru 


‘••Nd 

•«Sm 

»|Sm 


‘‘•Sm 


K 

a 

a 

a 

a 

a 

a 

99*9 % 


a 


0.1 % 

97% 


SVe 





•‘•Po 

T,Bi 

•gBi 

•iSBi 

•‘‘AcC 

•‘fThC 

>»Bi 

•MRaC 

•JJEm 


•JIBi 

•**AcEm 


Formation processes 


•*Mo(d, 2n) 
••Mo(d. n) 
!SMo(p, n) 
••Tc* 
»»Mo(a, p) 
••Mo(d, 2n) 
•*Mo(a, p) 
••Mo(d, 2n) 


•*Mo(d, 2n) 


5 »^o(p, n) 
55Ru —*’t* 
•JMo(d, n) 
••Mo(p, n) 


S|Mo{d. 
••Mo{p, 
•}Mo(d, 
•’Ru - 
nMo(d, 

U(n, f) 
««Xc* - 
*HMo(d, 

U(n, f) 
*;jRu (y, 
U(n, f) 


5 JMo(d, 2n) 
J»Nb(a, n) 
•|Mo(p, n) 


n) 
n) 
n) 

e+ 

n) J5^^o(d, 2n) 
Th(n,f) 55M0- 

-y 


2n) 

P) 


* 2 ^o(d, n) 
-► e 
-► c 


»®‘Mo 


‘»Mo 


‘♦‘Pr(a, 2n) 
‘«Sm(n, y) 
U{n, f) 
*JSNd(<i, p) 
‘ 5 |Nd(p. n) 
U(n, f) 


‘•*Nd(d, n) 
K 

•{JNd c 
‘{•Nd (d, an) 
‘*’Pm(n, y) 
“•Nd — c* 


‘SBi (a. 3n) 

*gBi (a, an) 
•SBi (a, n) 
•‘JFr —► a 
•»• AcA —► ^ 
•‘•ThA-*-/? 
•|‘Fr — a 


•»|U (a, 9p aan) 


•SFr 

••?Fr 


a 

a 


‘^RaA 


« 3 Fr 


0 



•••Ac 

•••Ac 

•••Ac 

•••Ac 

••’Ac 


a 

a 

a 

a 


99996*1 


ratio 0.014%) ^d *J|At (branching ratio 0.0005%), respectively. These three isotopes of 
astatine are eved shorter lived dian •J^At, which was first obtained artifidally. They 







NUCLEAR FISSION 


11 


595 


rapidly undergo conversion into RaC^ I hC and AcC, rei.p«-< tiwlv, wiili emission of a- 
particles (ranges 5.53 cm. 6.84 cm. and H.o cm). At least to isotopes of astatine are now 
known; *JsAt, the longest-lived of these, has a half-life of 8.3 hrs, and changc.s into polonium 
by electron capture. 

Table 74 gives a summary of the \ arious nurl< ar species now known for the elements 43. 
61, 85 and 87. It includes only those for which the mass rtumbers are known with certaints, 
or at least (in the cases marked witli.’) with a high degree ofprobabilits’. I n fact, a consider.!bl\’ 
larger number of isotopes is known for most of these elcm<-nts --c.g.. at least t 7 isotopes ol 
technetium and 7 isotopes of promethium. These can be identified by their tlifiering half- 
lives, but not all the mass numbers are known. The s})ecies -'^.\t. ^'*.\t. ‘■''.Vt. -•''At attd 
*“Fr form part of the natural disintegration series. \Vh«-n- the symbol m column 1 is 
marked with an asterisk, it implies that the nuclear species concerned is formed in a meta¬ 
stable slate by the reactions of column 5: it then changes into a state of lower energy, witli th«' 
half-life shown in column 2. w ithout the emission or absorption of any corpus< le - i.e., by 
a y-ray change. This kind of nuclear transfortnation is marked */ in column 3. I'he other 
spontaneous nuclear reactions arc shown in column 3 by tlu* same svinbc)ls as wer<‘ used 
in Table 69, p. 576. <-xtej)t that that for the mu lei occurring in the natural decay series, the 
omission of an electron is termed /f-clecay. .Some of the nuclear s[)e( ies list<‘d in Fable 74 
have been detected among the products of the fis.sion of uranium. This mode of formation 
is indicated as U (n,f). 1 1 ma>’ be seen from the Fable that as a rule the isotopes of leclmetiuin 
and ofproniethiunt all undergo transformations of the same type as found for other artificially 
prepared unstable isotopes of the light and moderately heavy rleiiu-nts. but iha' the isotopes 
of titc heas’y elements astatine and francium undergo eititer <i-decay or //-decay, even 
in the case of the artificially prc“par<*d isotopes which arc not members of the natural 
disintegration series. 


II. Nuclear Fission [13-18] 

(a) General 

It was first recognized by Hahn {1939) that when uranium is irradiated with 
neutrons, two alternative nuclear reactions may occur. The neutron may be in¬ 
corporated in the uranium nucleus, to form an unstable isotope with higher mass 
number or, alternatively, there may be a. fission of the nucleus into two nuclei, both 
of moderately large mass; these are unstable, and undergo further radioactive 
decay in due course. It has been found that the incorporation of a neutron takes 
place only in the case of the uranium isotope and only when uranium is 

exposed to slow neutrons. reacts with slow neutrons to give the unstable”®U, 
which subsequently changes into element 93 (neptunium) by emission of a /^-ray. 
(This element will be more fully discussed in the next chapter). The isotope 
only undergoes fission of the nucleus when it is irradiated with fast neutrons. The 
nucleus of on the other hand, undergoes fission by reaction with both slow and 
f ast neutrons. This is of great importance, since the isotope is present in natural 
uranium, although only in small concentration (o.72atom-% or 0.71 weight %). 


The fission products, or fragments formed in the fission of the uranium nucleus, have been 
proved to comprise one or more isotopes of every chemical element between jgZn and ejEu. 
For most of these elements, several difierent unstable, isotopic nuclear species arc formed, 
but it is probable that only a few of these unstable nuclei should be regarded as the primary 
fission fragments, formed directly from the uranium nucleus—e.g., by processes such as 


,,U + 0*^ — 4«Ba -f* 




U + 1)0 — 44^^ "h 


Most of the observed fission products arc formed subsequently, by the secondary radio¬ 
active disintegration of the primary fission fragments e.g.. 




i5mtn 

■ » 




33 


i«Ba 


300 hrs 




36 hrs 


(stable). 


In these successive /?-ray transformations, the mass numbers of the fission products remain 
unaltered, although their chemical nature changes. In all, not less than 34 different ele- 



59b ARTIFICIAL RADIOACTIVITY; NUCLEAR CHEMISTRY 13 

mt nts have been idcntiBcd among the products of fission of uranium by slow neutrons. As 
shown in Fig. 80, the mass numbers of the various atomic species extend over the range from 
72 to 162 Fie. 80 shows how the experimentally determined yields of the vanous fi^ion 

products varies with mass number. It is 
evident that the fission of a *»»U nucleus 
into two roughly equal fragments is a very 
rare occurrence. By far the largest propor¬ 
tions of the fission fragments have mass 
numbers close to the values 95 and 139. 
As a rule, then, the fission of the nucleus 
takes place unsymmetrically, to give one 
fragment with relatively smaller mass, and 
one of relatively larger mass. 

It had originally been assumed that all 
the products of the nuclear reactions ofura- 
nium with neutrons had larger nuclear 
charges than the uranium nucleus. They 
were therefore at first considered to be 
5 ‘transuranic elements’ (Fermi, 1934; Hahn 
and Meitner, 1935). A closer chemical 
examination proved, however, that many 
of the substances concerned must have 
much lower atomic numbers than uranium. 
Thus the element originally taken to be 
‘eka*platinum’ proved to be chemically 
identical with iodine. It was thus proved by 
the chemical evidence that it was possible 
for the nuclei of the heaviest elements to 
break up into quite large fragments—an 
inference of the greatest importance for 
nuclear physics. It was at once recognized 



liO 160 160 

MoiS number 


Fig. 80. Yield of fragments of various mas¬ 
ses from the fission of the ”^U nucleus by 
means of slow neutrons. 

(Data from Siegel, J. Amer. Chem. Soc., 68 

(1946) 2411). 


that this discovery brought with it the possibility of utilizing atomic energy,—a possibility 
that was very soon translated into reality. 


The fission of the heaviest nuclei—especially that of —is of fundamental 

importance for the utilization of atomic energy because excess neutrons are liberated 
in the process. The nuclei of the heaviest elements contain a higher ratio of 
neutrons to protons than do the nuclei of medium mass, which are formed as 
fission products. Under appropriate conditions, every neutron set free in the fission 
of uranium can bring about the fission of another nucleus of **‘U, and thereby 
liberate yet more neutrons. If care is taken to eliminate all impurities that would 
absorb neutrons, and if the quantity of uranium is sufficient to avoid the loss of the 
majority of the neutrons by leakage, so that a sufficient proportion of the neutrons 
collide with further “‘U nuclei and cause fissions, the number of neutrons increases 
continuously. If the process is not controlled, it accelerates with great speed (e.g., 
in an atomic bomb); if the process is controlled, it can be used to liberate useful 
energy (in a nuclear reactor). The nuclear reaction takes place explosively, for 
example, in a sufficiently large quantity of pure If it takes place in natural 
uranium, containing only 0.71% of ”*U, some of the neutrons are used up in 
forming plutonium from ***U (by way of and ”*Np) (cf. next chapter). In 
this case, the process can be so controlled that the number of neutrons does not 
exceed a certain maximum value. The amount of energy liberated in fission of 
is about 180 mev, or about 4 • 10* kcal, per g-atom. Further very large quanti¬ 
ties of energy are set free during the radioactive decay of the fission products, and 



NUCLEAR FISSION 


597 


11 

also in the conversion of into plutonium in nuclear reactors. The practical 
output ofenerg>- in a nuclear reactor is about io» kcal per kg of uranium, equi¬ 
valent to the heat output from about loo tons of coal. 

The fission of plutonium follows a very similar course to the fission of uranium. I horium 
and protactinium have also proved to be fissile. Like the uranium isotope »*U, however, 
these nuclei undergo fission only hy fast rmilrons, with energies in excess of i mcv. Fo^ 
various reasons to be considered in a later section, fast neutrons are generally not suitable 
for reactions such as those involved in the production of plutonium and the utilization of 
atomic energy. Fission can also be brought about by protons, dcuterons, or a-particlcs, if 
these are accelerated to very high energies. Very energetic y-radiation can also produce 
fission. By means of highly accelerated particles it has been possible to bring about fission 
of the nuclei, of bismuth, lead, thallium, mercury, gold, platinum, and tantalum. However, 
the kinetic energy of the particles needed to cause fission increases progressively as the 
atomic numbers of the elements diminish. It is necessary to employ a-particles with a ki¬ 
netic energy of 400 mev to cause fission in tantalum, and even particles with such enormous 
kinetic energy do not suffice to bring about the fission of nuclei of lower atomic number than 
tantalum. The reason for this will be considered below'. It is, however, apparent why there 
should be only a very limited number of nuclear species with can undergo fission with slow 
neutrons, as well as with fast neutrons. 

(b) Calculation of the Energy of Nuclear Fission 

Nuclear fission is attended with the disappearance of a certain amount of mass. 
It therefore follows from the principle of mass-energy equivalence (p. 567) that 
energy must be liberated when the heavy nucleus breaks up into two fragments of 
medium mass. The amount of energy liberated naturally depends upon the 
particular pair of nuclei formed in fission. As has already been stated, the most 
abundant species of atoms formed by the slow neutron fission of*“U are those with 
mass numbers 95 and 139. These mass numbers add up to 234, instead of 236, 
because for each neutron captured by the •’•U nucleus, two neutrons are emitted 
in the formation of these fission fragments. The stable species of atoms, formed 
as the ultimate products of ^-ray decay of fission fragments of masses 95 and 
I39> are “‘Mo and ‘”La. Substitution of accurate mass values in the equation 

”‘U + *n = »»Mo + ‘''La + 2 ‘n 

gives for the loss of mass: 

dm = 235.124 -I- 1.009 — 94-945 — * 38-955 — 2.018 = 0.215 ( 7 ) 

or 215 m.m.u. From p. 567, this is equivalent to 215 • 0.931 = 200 mev. 

Almost the same value has been found experimentally, from measurements of the kinetic 
energy of the particles formed in fission, and the energy of the y-radiation. Values so ob¬ 
tained lie between 174 and 182 mev. These measurements relate to the energy released 
directly by fission; the quantity of energy evolved subsequendy, by the radioactive dis¬ 
integration of the fission products, amounts to an additional 2t mev approximately. The 
total of 195 to 203 mev thus obtained from experiment is in good agreement with the 
calculated value. 

In this calculation of the fission energy, attention has been confined to the formation of 
•‘Mo and ‘‘‘La, i.c,, to the formation of only one pair of fission products. The experimental¬ 
ly determined eneigy release related to the formation of the wide range of fission products 
that is actually produced. However, this does not make any significant difierence to the 
energy yield in the fission process, as can be shown from the following more general method 
of calculation. TTie particular fission products formed in any event may be ignored, the 
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treatment being based only on the experimental fact that the mass numbers of the fission 
fragments lie between 72 and .62 (cf. Fig. 80), and that the 

fission fragments add up. on the average, to 234 (or ^ number T Ft 

p 37 O h can be seen that in a nucleus of mass 236 (i.e.. the mass of the «‘U nucleic after 

lapuiring a neutron, but before undergoing fission) there is an average mass defect of 
H L tn m.u. per nucleon. Over the range of masses which comprise the fission products, the 
m^s defect aleragesg os m.m.u. per nucleon. Suppose, therefore, that two nude, w.thm Ais 
^a^ge of mass numbers are to be built up from their separate nucleons. If the number, 

of the two nuclei together total 234, a total of 234 nucleons will 1^ required to construct 
them. Each of these nucleons sustains a loss of mass, of 9.05 m.m.u., in the process of forming 
the two nuclei, so that the process involves a total loss of 234 • 9.05 m.m.u. - 2118 in.m.u. 
Creation of the ***U nucleus from its individual nucleons would involve a mass loss of 
2a6 8o3= 1000 m.m.u. The difference between these quantities 218 m.m.u., gives the 
average loss of mass in the fission of the ««U nucleus by slow neutrons. Hence the average 
enertrv liberated, from this calculation, is 218 • 0.93* = 203 mev per atom of «‘U. Thus the 
amount of energy evolved in fission is about 200 mev per atom, irrespective of the particular 
fission products formed. 11 has been assumed that the mass number, of the fission fra^ents, 
taken in pairs, add up to that 2 neutrons, on the average, arc cmitt^ m each 

fission process For every additional neutron emitted, the loss of mass is diminished by 
Q o^ mmu It cannot, however, be concluded that the total energy per fission is correspond- 
ingW decreased by about 4% for each additional neutron emitted; if—as is usually the 

_the neutrons have an opportunity to combine with other nuclei^ the energy thereby 

liberated compensates, more or less, for the smaller energy of formation of the fi^ion frag- 
nunts. The fission energy of 200 mev per atom is equivalent to 4.6 • lo* Iccal of heat per 
g-aiom, or electrical energy of about 23,000 kilowatt hours per gram of “‘U. 


(c) Theory of Nuclear Fission 

The fact that there is a loss of mass in the fission of the nuclei of the heavy elements i.e., 
that energy is evolved—implies that these heavy nuclei are unstable or roetastable. Since 
fission does not take place immediately and spontaneously, it follows further that some 
potential barrier must be surmounted in the process, just as in radioactive disintegration 
^f p 590), although the barrier opposing fission is often far higher. If the requisite energy 
of activation is imparted to the nucleus (cf. p. 599 )»surmount the potential barrier; 
for certain nuclei, the energy liberated when a neutron b incorporated in the atom b 
sufficient for thb. Fbsion b induced in such nuclei even by slow neutrons. In general, how¬ 
ever, this increment of energy b insufficient; additional energy b needed, and can be 
imparted to the nucleus by fast neutrons, in the form of kinetic energy. 

The forces by which the nucleons are held together within the nucleus arc formally 
comparable with the forces operating between the molecules of a liquid. Just as a drop of 
liquid normally assumes a spherical shape, and the surface tension opposes any change of 
shape, so the atomic nucleus will normally dbplay spherical symmetry under the action of 
the nuclear forces, and will rcsbt any deformation. If any force b applied to a fluid droplet, 
so that it b stretched in one direction, it first assumes an ellipsoidal form. It tenth, however, 
to return to the spherical shape, and in some circumstances deformation-oscillations may be 
set up about thb most stable form. The stronger the force inducing the oscillations, the 
greater will be the departure of the drop from the spherical shape—i.e., the more elongated 
will be the ellipsoidal form. The elongation of the ellipsoid cannot proceed ^ond a certain 
limit, however. When a ceruin degree of elongation b reached, the ellipsoid begins to 
constrict itself in the middle, and as soon as such a constriction appears, it intensifies 
spontaneously until the drop breaks at the ‘wabt’. Two drops arc thereby formed, each of 
which proceed to take up a spherical form. The nucleus of an atom, in which deformation- 
oscillations are excited by imparting sufficient energy, behaves in the same way. The fission 
of the nucleus was interpreted on the basis of thb physical analogue by Meitner and Fricke, 
as soon as the facts had been establbhed by Hahn and Strassmann. The theory was very 
shortly afterwards put on a quantitative footing by Bohr and Wheeler. 

One difference between the rupture of a liquid drop and the fission of an atomic nucleus 
is that energy must be expended to bring about-the first process, whereas the second b 
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generally attended with the liberation of energv*. Howe\cr, the two processes arc quite 
analogous up to the stage where the potential barrier is crossed—i.e., until the drop begins 
to constrict. Energy must be expended to deform the droplet in both cases until this state is 
attained. The only difference is that in the rupture of the liquid drop, the energ>’ falls from 
that of the transition state to a value which is higher than the initial rnerg>-. before defor¬ 
mation commenced; in the fission of the nucleus the final energy is generally much low< r 
than the initial energy. 

The activation energy required to surmount the potential barrier (i.e., the work per¬ 
formed in deforming the drop so much that a constriction begins to fortn) can be calculated, 
in the case of the liquid drop, from the radius and the surface tension of the liquid; for the 
atomic nucleus, it can be calculated from the number of nu<Icons and the nuclear fortes. 
It is evident that the weaker the total cohesive forces between the nucleons, the more 
readily can any nucleus be defornted. Forces of attraction arc exerted between the neutrons 
and protons of a nucleus, and the gross magnitude of these forces increases with the mmilx r 
of nucleons—i.e., with the mass number . 4 . The protons, however, exert a mutual repulsion, 
because of their like charges, and this repulsion is roughly proportional to where is tlu 
total number of protons—i.e.. the nuclear charge, or atomic number. It follows from the 
theory based on the drop model that the activation energy for nuclear fission decreases as 
the ratio ^*//l rises. According to the calculation of Bohr and W’hceler, it would be< ome zero 
for = 45. This would be the value for an element with nuclear charge number about 
120. Hence any element with a nuclear charge of 120 units, or higher, would be not merely 
metastable, like the other heavy elemenu, but absolutely unstable. If it were possible to 
prepare such an clement, it would immediately (or more strictly, within 10-'* see.) undergo 
fission into elements of medium atomic weight. 

For the value of is 36, and the activation energy for fission is 5.3 mcv. For 
“*U, = 35-6. and the activation energy 5.9 mev. ^^//I for “»Pu is 37.0, for is 3b.4. 

and for Ta is about 29.5. The activation energy for fission of *’*Pu and ”*U is thus less than 
that for *’‘U; the significance of these substances in processes employing nuclear fission will 
be discussed later. On the other hand, the activation energy for the fission of the Ta nucleus 
must be very much higher; this accounts for the fact that fission can be brought about only 
by particles of exceptionally high kinetic energy (e.g., 400 mev u-particles). 

The difference of 0.6 mcv between the activation energies of and is not in itself 
sufficient to account for the fission of by slow neutrons (e.g., with 0.025 ‘•’■^ergy), 

whereas neutrons with an energy of at least 1 mev are required for the fission of*^*U. It is 
also necessary to take into account the differences in the amounts of energy released when 
an additional neutron is built into the different nuclei*. By means of cqn. 6, p. 592, it is 
possible to calculate the binding energies of the nuclei *’*U, **’U, and ”*U. The differ¬ 
ence in energy of formation between and is thereby found to be 6.6 mev, and that 

between the energies of formation of ***U and is 5.3 mev. If a neutron is added to the 

nucleus of **‘U, energy amounting to 6.6 mev is released, and this is far greater than the 
energy of activation for fission of the nucleus. In this case, therefore, it is not necessar>- 
for the incoming neutron to bring with it any additional energy, and fission can therefore be 
brought about by slow neutrons. If a neutron is incorporated in the nucleus of ”®U, how¬ 
ever, the energy released is 5.3 mev, whereas the activation energy for fission is 5.9 mev in 
this case. Thus additional energy must be imparted to the nucleus from some source—i.e., 
fission is induced only by fast neutrons, which can supply the deficit of energy from their 
own kinetic energy. 

The difference in the amounts of energy released in the two reactions 


mu -f- n —> and “|U + n —► 

can be attributed chiefly to the last term in eqn. (6). For the conversion of an even-odd 
nucleus into an even-even nucleus, this term is positive, whereas for the conversion of an 
even-even nucleus into an even-odd nucleus, this term is negative in sign. This term is also 
negative for the addition of a neutron to an odd-odd nucleus (which is thereby transformed 

• It has recently been found that fission can be induced in relatively light nuclei, by 
means of protons of extremely high energy (e.g., **Cu -j- >p = »*C1 -I- *’A1 -f ‘n). These 
reactions are endothermic. 
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into an odd-cvcn nucleus). This is why the two odd-even nuclei *”U and *»*Pu arc fissile by 
slow neutrons, whereas the nuclei **‘Pa and **’Np, which both belong to the odd-odd type, 
arc fissile only by fast neutrons. Nevertheless, the activation energy for **‘Pa is but little 
larger than that for whereas the activation energy of *»’Np is actually lower = 

3j.9 for *’'Pa. 36.6 for ”’Np}. The nucleus of *J*Th, which is of the even-even type, is also 
fissile by fast neutrons only. The energy liberated by addition of a neutron is about 5.3 mev 
in this case, but the activation energy for fission is even higher than for ”*U (^*M = 35 -o 
for *»Th). 


(d) Spontaneous Fission 

It was mentioned on p. 590 that, according to wave mechanics, there is a finite 
probability that an a-particle may ‘leak through’ the potential barrier surrounding 
the nucleus. The same applies to the fragments which result from fission, except 
that the probability that such heavy particles can ‘tunnel’ through the potential 
barrier is very much smaller than for a-particles. The probability is not zero, how¬ 
ever, so that nuclear fissions must occur spontaneously, even if extremely rarely. 
It has already been stated that spontaneous fission of uranium was observed very 
shortly after the discovery of fission by slow neutrons. Numerous other examples of 
spontaneous fission have been discovered subsequently. They follow the same law 
as ordinary radioactive decay, so that it is possible, in an analogous manner, to 
determine the half-lives of the nuclei for spontaneous fission—i.c., the time which 
must elapse before half the atomic species concerned has undergone fission. Table 
75 gives the fission half-lives for several atomic species. 


TABLE 75 

HALF-LIVES FOR SPONTANEOUS NUCLEAR FISSION 


Nucleus 

tiOTh 

1 *”Th 

*«Pa 

««u 

««u 

Half-life (years) 

1.5 • 10*’ 

1.4 • 10** 

1.2 • 10^* 

3.6 • 10“ 

> 3 • 10*’ 

Nucleus 

mu 

”‘U 

«»u 

1 

•«Np 

*”Np 

Half-life (years) 

[ 2 • 10** 

1.9 • io‘’ 

8.0 ■ lo** 

> 4'10** 

> 5 • 10“ 

Nucleus 

•••Pu 

mpu 

u.Pu 

**^Am 

“"Cm 

Half-life (years) 

1 

3.5 ' lO* 

1 2.45 • 

5.6 • 10^* 

1.2 • lO^* 

1.9 • 10* 

Nucleus 

«*Cm 

*«Cm 

««Cf 

“*Cf 

“•Fm 

Half-life (years) 

7.2 • 10* 

1.4 • 10’ 

5-10* 

1 • 10* 

0-55 


Seaborg (1952) has shown that, in the case of the even-even nuclei, there is substantially a 
linear relationship between the half-life for spontaneous fission and the value of Z*!^' If 
this is extrapolated to Z*!^ = 45> the value found for the half-life of such a species corre¬ 
sponds roughly with that predicted theoretically by Bohr and Wheeler, on the basis of the 
drop model. 

The nuclei with an odd number of nucleons have a smaller tendency to undergo sponta¬ 
neous fission than those with an even number of nucleons. Thus ***U has an appreciably 
greater half-life than ***U. The conditions for spontaneous fission arc therefore different 
from those involved in fission by neutrons. This would be expected from the outset, since 
spontaneous and induced fission are essentially different processes. In order to bring about 
the artificial fi^ion of*»»U, the nucleus »»*U must first be formed (in a highly excited state) 
by incorporation of an additional neutron, and it is this species which finally undergoes 
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fission. In the spontaneous fission ofhowever, it Is this nm leus which is iiscll fonccrncd 
in the whole event. 


(e) Nuclear Chain Reactions 

If two neutrons are set free from every nucleus undergoing fission, and if the 
conditions are such that each of these neutrons can in turn bring altout a fission, it 
follows that the number of neutrons in the system concerned must increase at a 
rapidly accelerating rate. Under the conditions specified, the number of neutrons 
would be doubled in each generation of fissions, so that—starling with a single 
neutron—the number of neutrons after the n-th series of fissions would be a". Thus 
after the 85th generation of fissions, the number of neutrons would have grown to 
about This number would suflice to bring about the filsion of 

about 15 kg of ”SU, with the liberation of about 3 ■ io‘« kcal of heat. Since the 
time elapsing for the completion of 85 generations of nuclear fission would be less 
than I microsecond, it follows that such a reaction would take place explosi\eI\ 
and with enormous violence. 

Reactions of the type considered, in which each act of reaction brings about one 
or more subsequent acts of reaction are known generally as chain reactions, and are 
very frequently involved in chemical processes. The nuclear transformation 
considered is an example of a nuclear chain reaction; such processes may be either 
controlled or uncontrolled. A nuclear explosion, such as was considered above 
represents an uncontrolled chain reaction. A controlled chain reaction rnav be 
brought about by so choosing the conditions that, of the two or morefresli neutrons 
produced in each fission, only one is able to bring about another fission. Under 
these conditions, the process takes place at a constant rate, and w'ith a constant 
population of neutrons in the system. The means of securing this result will be 
discussed in the following chapter, in connection with plutonium, which is pre¬ 
pared by utilizing a controlled chain reaction. 

The number of neutrons set free in the fission of a nucleus is often greater than 2 
the average neutron yield being about 2.5 per fission caused by slow neutrons. The average 
number of neutrons from the fission of “’Pu is still higher—approximately 3. On the average 
only about 2 of these can bring about further fissions, since the interaction of neutrons with 
***Pu nuclei leads, in about one case out of three, to the reaction *’*Pu + n = + y 

instead of fission. Similarly, the capture of a neutron by the nucleus results in the for¬ 
mation of *«U by a (n, y) process in about »/« of the cases. These proportions are valid for 
slow neutrons; such differences as arise for fast neutrons may be neglected here. Thus the 
effective yield of neutrons from each fission of *’*U or s»»Pu is about 2 in each case, and each 
of these could initiate another fission. Two conditions must be fulfilled in order that thi.s 
may occur, however. First, no other substance which would absorb neutrons must be 
present, mbced with the or ***Pu; i.e., the process must take place in pure “‘U or ‘’"Pu. 
In the second place, no neutrons must be lost from the system, since the number of neutrons 
leaking out of the system would diminish the number of fissions correspondingly. Thus, if 
the ”*U or plutonium is in the form of a sphere, every neutron liberated at the center of the 
sphere which is not used up in forming ‘“U or *<®Pu, must be prevented from passing through 
the surface of the sphere without being brought into collision with a nucleus, and causing a 
fission. If the mid-point of each nucleus is joined to the center of the sphere, and if the 
nuclear cross section is projected on to the surface of the sphere along this line*, then in a 

* Strictly speaking, the required projection is the intersection of the surface of the 
sphere with the prolongation of a cone described with the center of the sphere as apex, and 
the cross section of each nucleus as base. The simpler procedure considered here gives a 
somewhat high value of r for a given value of a. 
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sphere of sufficient size, the whole surface of the sphere will be covered by the projected 
nuclear cross sections. This condition is satisfied for a sphere of radius r (in cm), consisting of 
material with the fission cross section a, (in barns), according to the relation 


3 • 10“ 

Of • A’l 



= number of fissile nuclei per cm*). The number of fissile nuclei in a sphere of radius r 
is A” = VTr*- 7 VL. Equating the totalcrosssectionofthesenuclei with the area of the spherical 
surface, N • a, • lo'** = Nt.' Of' 10-** = 4^1 r*. Equation (8) follows directly from 

this. For a material consisting of a pure fissile botope, 



where is Avogadro’s number, d the density, and A the atomic weight of the fissile species. 

60 

For with d = ig, r is approximately — cm. If the aggregate of the nuclear cross sec- 

lions were equal to only half the area of the sphere, half of the neutrons which might bring 
about fissions would escape from the system. The chain reaction would then not take place 
explosively, but the number of neutrons would remain constant. The radius of sphere for 
which this would hold can be found by equating the aggregate cross section to artr* in the 
above equation, thereby obtaining a value for r half that found from eqn. (8). If the value 
of r is greater than this value, the number of neutrons must increase in each generation. 
The value of r for which the chain reaction becomes divergent U known as the cri/ua/ 
radius', more generally, since analogous considerations apply to systems which arc not 
spherical, a crUical size may be defined. If a system b below the critical size, it b impossible 
for a nuclear chain reaction to take place explosively; on the contrary, if fissions arc induced 
by irradiation with neutrons, the process rapidly dies away completely, as soon as the source 
of neutrons b removed. From the foregoing crude calculation, the critical size for a sphere of 

***U is about — cm. If we take an arbitrary value of 5 bams for Of, the corresponding value 

for r = 6 cm. This would mean that a quantity of 15 kg of pure •**U would not be explosive, 
since it would form a sphere of less than 6 cm radius. Twice that quantity would be ex> 
plosive, however, since it would form a sphere more than 7 cm in radius—i.e., above the 
critical size. A single neutron, liberated by a spontaneous fission or by cosmic rays, would 
initiate a divergent chain reaction. With the quantity of **‘U considered, thb would liberate 
about 6 * 10kcal (equivalent to the explosion of 600,000 tons of TNT) within a very short 
interval of time. Such an explosion, taking place nearly adiabatically, would attain a 
temperature of about 10^ ®, comparable with diat in the interior of the sun. 

The extremely high temperatures attainable in nuclear explosions are theoretically 
capable of bringing about thermonuclear reactions, such as the processes 


•T 'T = *He + an 4 - 11.4 mev, 
•T 4 - *D = *He 4 * n 4 - *7-6 mev. 


The energy liberated per unit weight of material by these nuclear reactions b considerably 
greater than that from the fission of uranium or plutonium. It b likely that the 'hydrogen 
bomb’ makes use of thermonuclear reactions of thb type, initiated by high temperature 
attained in the nuclear explosion of plutonium. 

The neutrons liberated in nuclear fission have kinetic energies of more than i mev. 
They are therefore capable of bringing about the fission of “'U nuclei, as well asof***U and 
***Pu. Nevertheless, a chain reaction of the type just described can not be set up in ordinary 
uranium, for the reason that the majority of the fast neutrons do not cause fission when they 
collide with ‘‘"U nuclei, but are merely reflected or scattered. In the act of scattering, the 
neutrons lose energy to the uranium nuclei, which are excited to emit y-rays. After being 
slowed down in thb way, the neutrons can no longer cause fission of ***U nuclei, and are 
effective in causing fission of*“U only under certain specified conditions. These will be 
discussed in the next chapter. 
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(f) Naclear Reactors 

In order to utilize atomic energy for the generation of power, tlie production of 
plutonium and for other purposes, it is necessary to entploy controlled chain reactions, 
in place of the uncontrolled chain reaction of a nuclear explosion. A nuclear reactor 
or atomic pile is a device for carrying out self-sustaining nuclear chain reactions at a 
constant velocity—i.e., with a constant flux of neutrons. 

Every nuclear reactor requires for its operation some so-called 'nuclear fuel’— 
i.e., a substance in which the nuclear chain reaction can take place, and which 
serves as the source of energy. Most reactors built hitherto also contain some 
‘fertile material’—i.e., some substance which cannot itself sustain a nuclear chain 
reaction, but which is converted by reaction with neutrons into a fissile material. 
The fissile material (or ‘fuel’) and the fertile material together constitute the 
working charge of the reactor. Natural uranium contains o.y*’,, of the fissile 
material the remainder being essentially a fertile material. .As the ina 

natural uranium reactor is consumed, a portion of the fertile is converted into 
plutonium (*^*Pu), which is another nuclear fuel. 


One nuclear species that is likely to become important as a nuclear fuel is the uranium 
isotope **’U. Like and ***Pu, this is fissile by slow neutrons. It can be produced from 
thorium, which is much more abundant in Nature than uranium, by tJic nuclear reactions 


«|Th + in = »iTh 


23 min 


«?Pa 


_ 

27.4 days 



Uranium-233 is an a-emitter, with half-life of 163.000 years. It is now produced technically, 
by surrounding a uranium reactor with a mantle of thorium. The slow neutrons escaping 
from the core of the reactor are thereby utilized to form ”*Th according to the reaction 
given above. 


(g) Technical Production of Uranium-235 


During the last World War, two methods were worked out for the production of pure 
uranium-235 on a full manufacturing scale. These were the electromagnetic separation and the 
diffusion process. The former utilized a type of mass spectrograph (the ‘Calutron’), operating 
on the same principle as the cyclotron. With the first experimental device of Lawrence 
(December 1941) the output was i microgram per hour of nearly pure The full-scale 
calutron process was later operated at Oak Ridge, near Clinton, Tennessee, where a diffu¬ 
sion plant was also constructed, for the separation of gaseous UF,(cf. pp. 192, 547). Harteck 
and Groth in Germany achieved success in the separation of uranium isotopes by the intense 
gravitational field of a high speed centrifuge. The processes worked out for the complete 
separation of uranium-235 are of great importance since, in simplified form, they may be 
employed for the enrichment of natural uranium in the fissile isotope. It is far less costly to 
bring about a considerable enrichment of the uranium-235, than to separate the fissile 
isotope completely. The use of enriched uranium as ‘fuel’ in nuclear reactors offers consider¬ 
able advantages, since it decreases the size and weight of the reactor and, by decreasing the 
number of neutrons captured in ***U, imposes less stringent limitations on the ‘competitive 
absorption* of neutrons in structural materials of the reactor (cf. Chap. 14). 


12. Radiation Protection 

In view of the increasing applications of radioactive materials in the laboratory 
and in industry, it is necessary to draw attention to the very serious health hazard 
which can arise from working with these substances unless certain necessary pre¬ 
cautions are rigidly observed. The dangers are all the more serious in that the body 
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receives no sensor> stimulus to give a warning of damage from radioactive radi¬ 
ations. It is characteristic of the damage caused by radiations that there is a long 
delay before detectable effects are produced. The full consequences may not be 
evident for months, or even years, and it is possible for incurable damage to ensue 
l)efore harmful effects are observed. 

The e.xtent of damage increases with the duration of exposure to radiation. As 
long as the effects are slight, the body can fully recover in the course of time; within 
limits, the total permissible exposure to radiation does not vary greatly with the 
dose rate. However, radiation which would be completely harmless for a single 
short exposure results in serious damage if exposure is continued over a long period 

of time. 

Slight damage shows itself after a short time by a reddening of the skin (erythe¬ 
ma) of the exposed parts. If irradiation is more intense, or more prolonged, blisters 
may be formed, and often give rise to wounds that heal badly. More serious cases 
can ultimately lead to malignant tumours, although these may only be formed 
after a period of years. Serious blood diseases (e.g. leukemia) can also result if the 
permissible dose of radiation is exceeded, especially in cases of chronic over ex¬ 
posure. 

In order to avoid the harmful effects of radiation, it is essential in all work with 
radioactive materials to know the permitted tolerance doses of radiation, and to take 
the necessary precautions not to exceed these tolerances. No difficulties arise when 
the activity of the preparations used is about i microcurie or less, as is usually the 
case when using radioactive materiak as tracers or indicators. It then suffices to 
wear rubber gloves, and to handle vessels containing active preparations by means 
of long tongs. With weakly radioactive materials (i.e. those with a low y-ray 
activity), the simplest possible radiation protection is provided by keeping the 
materials always sufficiently far from the bodily organs. Even though there may 
be no appreciable absorption of the rays in a comparatively short air path, the 
intensity of the radiation falls off with the square of the distance, provided that the 
source is small compared with the distance. Thus if a tube containing a small 
amount of radioactive substance is held directly in the hand, its distance from 
the flesh is perhaps 3 mm. Use of ordinary crucible tongs would increase this 
to about 170 mm. Hence the intensity of radiation is diminished in the ratio 
170* : 3* = 3200 : I, and the time taken to incur a tolerance dose is increased 
in the same proportion. 

The tolerance dose is the integrated dosage of radiation which must not be 
exceeded if all damage to health is to be avoided. The radiation dose for X-rays is 
usually measured in Rontgens per hour (r/h), where i Rontgen (i r) is defined as the 
quantity of X-rays or y-rays which will produce ions bearing a total charge of 
I e.s.u., of each sign, in i cc of dry air at o ®C and i atmosphere pressure. Experi¬ 
ments have proved that the production of i ion pair in air involves the average 
expenditure of 32.5 e.v. Since a singly charged ion bears a charge of 4.80 • io“*® 
e.s.u. (Vol. I, p. 86), and r e.v. = 1.602 • io“^* erg, the energy expended in i g 
of air through the absorption of i rontgen of radiation is 


32.5 • 1.602 • 10'“ 
0.001293 * ‘ *0“*® 


83.8 ergs. 


For the biological action of radiation, the significant factor is the energy con- 
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verted within the body tissues. I'he quantity of energy per roiugen absorl)c‘cl in 
body tissues is greater than 84 ergs per gram—e,g. X-radiatioti imparts about 
93 S water, and about 150 ergs per g to bone substance. Furthermore, 

the action of the corpuscular radiations (u-rays, /^-rays, neutrons) on the body 
tissues differs significantly from that of X-rays or y-rays, being considcrablv 
greater. Following the suggestion of H. M. Parker (1948), two other units of 
measurentent—the r.e.p. and the r.e.m .—have been introduced to make allowance 
for these differences. 

1 r.e.p, (= roentgen equivalent physical) is the dose of radiation which imparts the 
same amount of energy to the substance considered as would be imparted by a 
dose of I r to 1 g of air at o'* and 760 mm—i.e., 83.8 ergs. 

I r.e.m. (= roentgen equivalent man) is the dose of radiation which produces the 
same biological effect as i r of X-rays or -/-rays. 

In general, for ^-rays, i rep = 1 rem; for a-rays, however, i rep = to to 20 
rem*, for slow neutrons (thermal neutrons) i rep = 5 rem, and for fast neutrons, 

I rep = 10 rem. 

Figures for the permissible dosage of radiation are: for X-rays, y-rays, /^-rays or 
slow neutrons, 0.3 rep per week of about 40 working hours; for fast neutrons 0.03 
rep per week, and for a-rays 0.015 P^*" week. These tolerance doses are for 

whole-body irradiation; rather higher dose rates may be tolerated if only small 
portions of the body are exposed. Thus if exposure is restricted to the hand or 
wrist, the permitted tolerance is taken as five times that for whole body expo.sure. 
Very much higher doses of radiation are used in radiotherapy—e.g. in treating 
skin cancers. The radiation is then limited, however, to a quite small region of the 
body, and is moreover used for the very reason that it exerts a biological effect. 
Why intensive irradiation should both give rise to malignant growths and destroy 
existing ones is a question that is not yet satisfactorily answered. 

Special experimental methods must be employed in working with radioactive 
materials at levels much above i microcurie. These are necessary not only as 
health-protective measures, but also to prevent the radioactive contamination of 
laboratories and equipment. This is particularly necessary when the level of 
activity exceeds i millicurie. At high levels of activity, work must be carried out in 
a laboratory (a ‘hot* laboratory) specially adapted for the purpose. This must be 
provided with ventilating system that prevents the contamination of the laboratory 
and the remainder ofits building with active dust; all operations with open sources 
must then be carried out under draught hoods, whereas short-lived a-active 
materials must normally be handled in dust-boxes. The laboratory must also have 
provision for heavy shielding ofy-active materials, and for the performance of all 
chemical operations by remote handling methods (e.g. by the use of long tongs, or 
the transfer of liquids by air pressure) behind such shielding. 


• Because of their low penetrating power, a-rays constitute a very slight hazard from 
external sources, provided the simplest health measures are observed- On the other hand, the 
inhalation of a-activc materials, as dust, can cause serious internal damage. So also can the 
administration of a-active preparations for medicinal purposes unless the tolerance dose is 
observed. 
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THE TRANSURANIC ELEMENTS 


Atomic 

Numbers 

Elements 

Symbols 

Atomic 

Weights 

Valence states 

93 

Neptunium 

Np 

237 

II. Ill, IV, V, VI 

94 

Plutonium 

Pu 

342 

II, III, IV, V, VI 

95 

Americium 

Am 

243 

II. Ill, IV, V, VI 

96 

Curium 

Cm 

245 

III 

97 

Berkelium 

Bk 

249 

in. IV(?) 

98 

Californium 

Cf 

249 

Ill 

99 

Einsteinium 

E 

255 

III 

100 

Fermium 

Fm 

255 

III 

101 

Mendelevium 

Mv 

256 

III 


[Atomic weights given in this table refer to the most stable isotope of the elements, as at 
present known. This is not necessarily the most accessible isotope.] 


1. Introduction [/] 

(a) General 

All the transuranic elements—i.e., the elements with atomic numbers higher 
than that of uranium—have been obtained artificially, as the products of nuclear 
transmutations. It has been shown subsequently that two of them—neptunium 
and plutonium—do occur in Nature, in uranium ores. The amounts present are so 
minute, however, that they arc without significance for the extraction of the 
elements, and these elements, like the other transuranics, can be obtained in 

practice onJy by means of nuclear reactions. 

All the transuranic elements are unstable. For most of them a considerable 
number of isotopes is known and Table 76 sets out the different nuclear species of 
the transuranic elements which are best known at the present time. •The Table also 
gives the most important nuclear reactions by which the various isotopes are 
produced, and their most important radioactive properties. Everyone of these 
nuclear species undergoes radioactive disintegration, and none of them has a half- 
life which, in order of magnitude, approaches that of uranium, the last clement of 
the whole scries to exist in Nature in considerable amounts. 

The most important element of the transuranic series h plutonium. The longest- 
lived plutonium isotope has a half-live of 5 * 10“ years. Since the age of the earth is 
more than a thousand times as long as this, it follows that nd more plutonium 
would remain even if the earth originally contained appreciable amounts. Such 

• Other isotopes which may be menUoned are ««Pu. *“Pu. ««Pu, *«Am, ^«Am, »‘Cm, 
*«Cm, ““Cf, «»Cf, »“E. 
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TABLE 76 


SOME NUCLEAR SPECIES OP TRANSURANIC ELEMENTS 






Energy of 


Element 

Species 

Half-life 

Decay 

radiation 

Mode of formation 




(mev) 


Neptunium 
^ = 93 

»'Np 

53 


a 6.2 

•'•U (d, gn) 


*»Np 

4.4 days 

K 

y ‘-9 

•••U (p,2n); 

*«U (d, 3n),etc. 


*”Np 

240 days 


a 5.06 

•••U (d, 2n); 

•”U (a, p 3n), etc. 


*«Np 

20 hrs 


0.5 

••*U {d, n); •••Np(n, 2n) 


*»’Np 

2.25 • to* yrs 

a 

4-75 

•••U p] “‘Am - a 


*”Np 

2.0 days 


P t.o; y i.i 

•••U (d, 2n); 

••»U (a,p).etc. 


*”Np 

2.31 days 


1.179; 0.676 

•••U P; 





0.403; 0.288 

•••U (d,n) 

Plutonium 

n»pu 

22 min 

a 

6.6 

•»®U (a, 7n) 

II 

*»Pu 

8.5 hrs 

€ 

a 6.2 

•’’U (a, 3n) 


i«Pu 

2.7 yrs 

a 

5-7 

•••Np p; 

••‘U (a, 3n), etc. 


*J 7 pu 

40 days 

K 


••*U (a, 2n); 

(a, 5n), etc. 


*»»Pu 

ca. 50 yrs 

a 

5-493 

•••Np — Pi 
•••U (a, 4n), etc. 


”»Pu 

2.42 • !©• yrs 

6.6 • 10* yrs 

a 

5-140 

•••Np -► Pi 
-U (a,3n) 


«»Pu 

a 

5-1 

•••U (a, 2n) 


Itipu 

13 0 


p 0.02 

“•U (a, n) 


I«ipu 

5 • lo* yrs 

a 

4-88 

••‘Pu (n, y) 


•«*Pu 

5.0 hrs 

/? 

0.5 

“*Pu (n,y) 

Americium 

■**Am 

1.3 hrs 

K 


•••Pu (d, n) 

Z= 95 

*»*Am 

12 hrs 


y 0.285 

0 5-77 

•••Pu (p, n); •••Np(a,2n) 

« 


““Am 

2.1 days 

K 

y 1-3 

•••Pu (d, n); •»’Np(a, n) 


••‘Am 

470 yrs 

a 

5-45 

•“Pu Pi •••Bk -► a 


•••Am* 

18 hrs 


x.o 

••‘Am(n, y) 


•••Am 

ca. 400 yrs 


P 0.63 

••‘Am(n, y) 


•••Am 

lo* yrs 

a 

5.21 

•••Am(n, y); »*»Pu -► p 


•••Am 

26 min 


*•5 

•••Am(n, y) 

Curium 

•9 y* 

••“Cm 

27 days 

a 

6.25 

•••Pu (a,3n)j ***C£ a 


•••Cm 

162.5 days 

a 

6.11; 6.06 

•••Pu (a,n)i -Am-^; 
•••Cf a 



ca. 100 yrs 

c? 

a 5-995 5-78; 
5-73 

••»Cm(n, y): ««Bk-»-ir 



ca. 10 yrs 

a 

5-78 

••‘Am(a, p); *«Am -*• p 

1 

ca. 2 • io“ yrsj 

n 

5-36 1 

•••Bk K 
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TABLE 76 (continued) 

SOME NUCLEAR SPECIES OF TRANSURANIC ELEMENTS 


Element 

Species 

Half-life 

Decay 

Energy of 
radiation 
(mev) 

Mode of formation 

Berkelium 

-?= 97 

“*Bk 

*“Bk 

»'Bk 

MOBk 

4.6 hrs 

5.0 days 

ca. 1 yr 

3 >3 hrs 

a 

p 

a 6.72; 
8.55; 6.20 
6.33; 8.15; 
5-90 
a 5-4 
p 0. 10 

P >-9 
y 0.9 

***Am{a, 2n) 

•"Cm(d, n) 

“•Cm 

“*Bk (n. y) 

Californium 

HiCf 

45 min 

a 

7'5 

“*Cm(a,2n);*“U(“C,6n); 

-?= 98 

l 4 «Cf 

35-7 ^ 

a 

8.75 

•“U (“N, p 7n) 
“‘Cm(a,2n);*“U(“C,4n) 

1 

**®Cf 

225 days 

a 

6.26 

(“N, p 3n) 


14 #Cf 

ca. 400 yrs 

a 

5.82; 6.0 

“•Bk p 


“’Cf 

ca. 20 days 

p 


“*Cf (n, y) 

Einsteinium 

447 E 

7.3 min 

a 

7-47 

“•U (“N, 5n) 

Z=99 

tME 

20 days 

a 

8.63 

“»Cf p 


U 4 E 

36 hrs 

p 

t.i 

*“E (n, Y) 


*«E 

ca. 30 days 

p 


“*E (n, y) 

Fermi um 

w»Fm 

ca. 30 min j 

1 

a 

7-7 

»“U (>< 0 , 4n) 

^ = too 

*wFm 

3.2 hrs 

a 

'J .22 

««E-^ 


***Fm 

15 hrs 

a 

7 -» 

wZ-*p 

Mendelc- 

“•Mv 

few hrs 

a 


*“E (a, n) 

vium 

Z = toi 






plutonium as is now contained in uranium minerals must have been formed 
subsequently, and it has presumably been formed by the same processes as are 
involved in the technical production of plutonium. 

The neutrons required for the nuclear reaction may be furnished by the spontaneous 
fission of uranium. Although spontaneous fission is an extremely slow process—i.e., is a 
very rare atomic event—its occurrence was proved by Flarow and Petriak, 1940, very 
shortly after the discovery of the fission of uranium by neutrons. These workers (bund the 
halfdifeof uranium.for spontaneous fission to be about 16*^ years; later investigations have 
given the more accurate value of 0.80 • 10** years.This means that for every million atoms of 
uranium which disintegrate with the ejection of an a-particle, one atom disintegrates by 
breaking up into two fragments of roughly equal size. Thus, in a gram of ordinary uranium, 
there is on the average one spontaneous fission per minute, so that there are about two 
neutrons liberated per minute per gram of uranium. 

Another possible source-of the neutrons required to produce Pu from *“U is the reaction 
of the a-particles emitted by uranium and its disintegration products with the nuclei of 
the light elements contained in the minerals. 

The transuranic elements form a series on their own, not only because they are 
all unstable, and can only be prepared by artificial means, but also because their 
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chemical properties mark them out as a definite series. The transuranic elements 
are not homologues of rhenium and the platinum metals. Unlike the latter, they cannot be 
precipitated by means of HjS from acid solution, neither do neptunium and 
plutonium form volatile oxides as do rhenium and osmium. The special place of 
the transuranic elements in the Periodic System is strictly parallel to the special 
place occupied by the lanthanides, and it can be similarly interpreted in terms of 
atomic structure. Just as the filling up of the 4/leveI takes place along the lantha¬ 
nide scries, so the filling of the 5/level leads to the transuranic elements. It can 
readily be understood that with increase in atomic number the transuranic ele¬ 
ments show an increasing resemblance in chemical properties to the lanthanide 
elements. 

The first three members of the transuranic series, neptunium, plutonium, and americium, 
can all exist in a higher oxidation state (the hexapositive state) than is observed for the 
lanthanide elements. This can be understood, since the binding of the 5/electrons in the 
atoms of the transuranic elements is less strong than that of the 4j‘electrons in the lanthanide 
elements. The position is much the same as that of the 3*/, \d and 5^ electrons in the transi¬ 
tion metals. With increase of principal quar^tum number, the energy of binding of the d 
electrons diminishes, with the result that the ability of the transition elements to exist in 
higher oxidation states increases regularly in every group from top to bottom. The question 
as to whether the filling up of the 5/levels begins with the element immediately following 
actinium (i.e., with thorium—Seaborg 1949), or commences with neptunium (Dawson 
J952) has not been finally settled. It does, however, seem probable (e.g., on the evidence of 
magnetic susceptibilities) that even if the filling of the 5/level begins with neptunium, the 
next element (plutonium) must have at least five electrons in the 5/leveI. From plutonium 
onwards, the number of 5/ electrons increases regularly with the atomic number. The 
divergence of views between Dawson and Seaborg concerns only the electronic configura¬ 
tion of the elements preceding the transuranics; the configurations proposed for the tran¬ 
suranic elements themselves are essentially the same. In particular, both Dawson and 
Seaborg assign to curium the configuration ^pSd’js*, which corresponds exactly to the struc¬ 
ture of gadolinium, This leads to the conclusion that curium should occupy a 

special position among the transuranic or actinide elements, corresponding to that of gado¬ 
linium among the lanthanides, (cf. p. 480). This accords with the properties of the elements 
which precede curium, and especially those which follow it. It is therefore possible to trace 
the homology between the actinide elements and the corresponding members of the lan¬ 
thanides, from their positions with respect to curium: 

,iPm „Sm „Eu „Gd „Tb „Dy ,jHo „Er „Tm 

•3^P 94^^ 16^^ IT^k tgCf ^E 100^™ lOl^V 

The relationships with the corresponding lanthanides arc especially clearly shown by 
curium, berkelium, and californium, in so far as the chemistry of these elements is at present 
known (pp. 612, 635). Resemblances arc also to be found with neptunium, plutonium^ 
and americium, but appear only in those compounds formed from the same valence states 
as are assumed by the corresponding lanthanides. The resemblance of neptunium, pluto¬ 
nium, and americium to the lanthanides is obscured by the ability of these elements to 
exist in higher oxidation states. In particular, all these elements can be hexapositive, and 
the properties of the compounds from this state of oxidation show a close resemblance to 
those of uranium, their left-hand neighbor in the Periodic System. The tendency to assume 
the -I- 6 state is not so strong as with uranium, however, and falls off progressively from ura¬ 
nium to americium. 


Table 77 shows how far the similarities between transuranic and lanthanide 
elements appear not only in electronic configuration, but also in valence properties. 
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TABLE 77 

ATOMIC STRUCTURE AND VALENCE STATES OF LANTHANIDE AND 

ACTINIDE ELEMENTS 


Ele¬ 

ment 


liCe 

..Pr 

«Nd 

„Pm 

„Sm 

„Eu 

..Gd 

„Tb 

*«i>y 


Electronic ' Valence Ele- 
confign. I states ment 


, Electronic 
l(Seaborg)* 


4/54/ 6 s* 

4/* 

4 f* 

6 s* 
4 /‘ 6j* 

4r 6 j » 

4 /’ 5 rf 6 s* 
Af*sd 6 s* 
4/*5d 6 s* 


II, 

II. 


IV 

IV 


, IV 


•oTh 

jiPa 

,U 


• I 

«Np 

>1 
11^ 


Pu 
,Ain 

••Cm 

.,Bk 

..Cf 


Sf6d 7s* 
5 f* 6 d ns* 
^f* 6 d 75 * 
5 /« 6 (^ 7s* 
^f*6d 7s* 

bPv* 

5p6d 7s* 
^f*6d 7s* 
5f*6d 7s* 


confign. 

(Dawson) 


6d*7s* 

6d*7s* 
6d*7s* 
6d^7s*** 
^f*6d 7s*** 
5/«6d 7s* 
5/^6d 7s* 
5/»6</ 7s* 
bf*6d 7s* 


Valence states 


II, III, IV 
IV, V 

II, III, IV, V, VI 

II (?). Ill, IV, V, VI 


II (?), 

II, 


, IV. V, VI 

IV, V, VI 


III 

III 


Lanthanides 


Actinides 


• In addition to the configurations given, Seaborg considers the possibility of others— 
e.g., 5/6d*7J* for Pa. 

•* From magnetic evidence, Dawson considers the possibility that there may be two 
d electrons in Pu—i.c., ^f*6d*7s *—and correspondingly for Np. Direct evidence for 
the configuration of Np is lacking and it is alternatively possible that Np might have 
four or five 5/* electrons as supposed by Seaborg. 


The Table includes the actinide elements preceding neptunium, together with the 
lanthanide elements which, according, to Seaborg, are homologous with them. It 
may be seen that neptunium, plutonium and americium bear a very close re¬ 
semblance to uranium. It must also be borne in mind that knowledge of the chemis¬ 
try of curium, berkelium, and calilbmium is very frag^mentary indeed. 

Since the distribution of electrons between the sy and 6d levels of the actinides is not 
yet established, Table 77 sets out the configurations alternatively proposed by Seaborg 
[NucUonics, 5, (1949) 16] and by Dawson [NucUonics, 16 (1952) 39]. Itisnotpossibletodraw 
an y unambiguous conclusions on this matter from the chemical properties of the elements. 
Even in the lanthanide group, the distribution of electrons between the 4/and 54/ levels is 
uncertain in a number of cases. Chemical properties arc determined chiefly by the iom- 
zaiion energies of the valence electrons. It is of little significance for the chemical properties 
whether the energy of binding of the electrons is greater in the 5/“ or the 6d state; in any 
case, in the ground state of the neutral atom the electrons will all be in the low«t levels—i.c., 
in those states in which their energy of binding is a maximum. The proper assignment of the 
electrons to the 5/or 6d levels is important, however, in determining many of the properties 
of the compounds of the transuranic elements, and especially their magnetic susceptibility. 

All the transuranic elements can function in the tripositive state. Uranium can 
also be tripositive, although uranium(III) compounds arc not very stable in 
aqueous solution. The neptunium(III) compounds are appreciably more stable, 
and with further increase in atomic number there is a very marked increase in the 
stability of compounds formed from the -f "3 oxidation state. Plutonium forms 
many compounds in which it is tripositive, and with a.iiencium the -{-3 state is the 
favored state. As far as is knowm at present, curium and californium exist only in 
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the trivalent state, and it is interesting to compare this behavior with that of their 
formal ‘homologucs’ of the lanthanide group, gadolinium and dysprosium*. The 
trihalides, MXj (X = F, Cl, Br, I) of the actinide elements are all isomorphous 
with each other and with the corresponding trihalides of actinium [q.v.). They are 
iso-structural with the corresponding trihalides of the rare earth metals. 

Neptunium, plutonium and americium, like uranium, all form compounds 
f. om the +4 oxidation state. The tetrapositive state is the most stable valence state 
of neptunium and plutonium. Uranium(IV) compounds in solution readily 
undergo oxidation to uranium(VI) compounds, and americium(IV) compounds 
are readily converted to americium(III) compounds. The tetrachlorides, where 
they arc known, arc isomorphous with each other and with ThCl4 and UCI4. 

The elements from uranium to americium also share the ability to function in 
the +5 state. The compounds derived from the +5 state arc, however, generally 
less stable than the compounds derived from the other valence states, and tend to 
undergo disproportionation in solution. The least stable compounds of this type 
are the americium(V) compounds. 

Like uranium, neptunium, plutonium, and americium can all function as hexa- 
positive elements. Whereas the +6 oxidation state is the most stable valence state 
of uranium in aqueous solution, it becomes progressively less stable than the +4 
state, and ultimately than the +3 state, as one passes through neptunium and 
plutonium to americium. The neptunyl- and plutonyl-compounds, [NpO,]X,and 
[PuOj]X„ corresponding to the uranyl compounds [UO,]X„ have similar crystal 
structures. The double acetates NafUOjJAcj, Na[NpO,]Ac„ Na[PuO,]Ac3 and 
Na[AmO,]Acj (Ac = acetate group) are all isostructural. 

In general, the chemical properties of americium are as closely related to those 
of the lanthanide elements as to uranium, and the elements following americium 
appear to resemble the rare earths very closely (but sec footnote *). 

Tabic 78 gives the atomic volumes and the apparent atomic radii of some of the actinides, 
as deduced from the densities of the metab. The ionic radii given are derived largely from 
the measurements of Zachariasen**. The radii of the hexapositive ions have been obtained 
by subtracting the radius of the oxygen ion (1.33 A) from the M—O distance as delenni- 


♦ In making such a comparison, it must be borne in mind that knowledge of the che¬ 
mistry of curium, berkelium, and californium b very scanty. Owing to the short half-lives 
of the accessible isotopes of these elements, investigation is limited at present to the micro- 
gram scale (Cm) or the extreme tracer scale (Bk and Cf). Moreover, the intense a-particle 
activity of concentrated preparations of these elements brings about a vigorous radioche¬ 
mical decomposition of the solvent, water, so that it b not possible to study their reactions 
in solution except in the presence of a large excess of hydrogen peroxide. Thb reducing 
environment over-emphasizes the relative subility of the +3 sute. It b noteworthy that 
increasing knowledge of the chemistry of americium has shown that the 4-4 and -f 6 states 
are far more important than was at first suspected—i.e., have emphasized the relationship 
to uranium. While the general trend in oxidation-reduction potentiab along the series 
undoubtedly favors the lower valence states to an increasing extent, the abrupt difference 
m chemical l^havior which appears to set in between americium and curium may be a 
reflection of incomplete knowledge, rather than of the properties of half-filled 5/ leveb. 

* ^ those Ibted by Zachariasen, but 

are Goldschmidt’ radii, derived directly from measured M—O or M—F dbtances and 
the standard ionic radii of oxygen (1.33 A) and fluorine (1.36 A). They are therefore di- 
rectly comparable with the ionic radii of other elements tabulated elsewhere in thb book. 
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Element 

Density 

Atomic volume 
Atomic radius 
Radius of 3-valent ion 
Radius of 4-valent ion 
Radius of 6-valent ion 


TABLE 78 

MES, ATOMIC RADII, AND 
ELEMENTS 


.oTh 

„Pa 

mU 

11.71 


19.0 

19.8 

— 


1.82 

— 

1.48 

1 


1.04 

I.IO 


1.03 



0.58 


IONIC RADII OF ACTINIDE 


«Np 

fiPu 

jjAm 

i 9 o 

—. 

II.7 

12.15 


20.6 

1.32 

— 


1.02 

1.01 

1.00 A 

1.02 

1.00 

0.99 A 

0.57 

0.56 

— A 


of Table 78 show that there is a steady decrease in the ionic 
radii of the actini^ elements with increase of atomic number, as there is, c.g., along the 
lanthanide series. The variation of atomic volume with atomic number also resembles 
that found in the lanthanide series, americium having a particularly high atomic volume 
as has its supposed homologue, europium. 

The relationship between the actinide and lanthanide series of elements shows up also 
in the magnetic properties. Table 79 gives the magnetic susceptibilities of the ions of the two 
^oups. The numbers of/electrons shown in the Table are based on the assumption that 
in every case the/electrons are the most firmly bound electronsintheoutershell.Thusitis 
assumed that, in the plutonium atom, with the electronic configuration ^pSd^s^, the two 
j-electrons and the </-electron are lost more readily than any of the/-electrons, so that in the 
formation of the Pu^^ ion the configuration becomes 5/®. There is no doubt that in all the 
actinide atoms, the 7J electrons are the most loosely bound. The hypothesis that the electronic 
configurations 5/^, 5/*, and 5/® are present in the ions Pu^^, Pu*^ and Pu*-^, respectively, is 
broadly supported by the magnetic evidence. In the ions with either r or 2 outer electrons, 
^e measured values of the magnetic susceptibility tend to lie between those calculated for 
d- and/-electrons. It has been shown by Dawson (1950-52), however, that in magne- 
Ucally dilute solids (e.g., dilute solid solutions of UO* in ThO„ UF, in ThF«, Na(Pu02].Ac3 
m NaJUOjJAc,, etc.), which can be investigated over a much wider range of temperature 
than is possible for aqueous solutions, the susceptibilities agree very closely with the ‘spin 
only’ susceptibility for a pair of rf-electrons (cf. Table 79). It is probably not possible to 


TABLE 79 


MOLAR MAGNETIC SUSCEPTIBILITIES, Xuol, OP LANTHANIDE AND 
ACTINIDE IONS IN AQ.UEOUS SOLUTION AT ROOM TEMPERATURE 


Ion 

Number 

Ce‘+ 


Ce** 



Pr> + 

Nd’+ 

Pm»* 

Sm*+ 

Eu*-*- 

Gd>+ 

of4/- 

electrons 

0 


I 



2 

3 

4 

5 

6 

7 

Xmol ' 10 * 

dia- 


+ 2.35 



+ 5-05 

+ 5-05 


+ I.O 

+ 3-60 

+ 24.6 


mag. 








1 

1 

Ion 

Number 

Th‘+ 

U'+ 

Np*+ 

1 


Np*+ 

Pu'+ 

Np** 

1 

Pu‘* 

Pu»+ , 

Am*+ 

Cm»+ 

of 5/ or 6 d 

electrons 

0 

0 

1 

1 

2 

2 

2 

1 

3 

! 4 

5 

6 

: 7 

;fiaoi • 10’ 

dia- 

dia- 

+ 2.05 

+ 3-75 

+ 4.10 

+ 3-50 

+ 3'95 

+ 1.65 

+ 0.25 

+ 0.70 

+ 26.5 

s 

mag. 

mag. 










* There is some reason to consider that the M—O bonds in the [MO,]*'*' groups arc not 
purely ionic, and the M*+ radii given in Table 78 are therefore somewhat arbitrary. 
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decide unambiguously from the available magnetic measurements which is the configura¬ 
tion of these ions. In many of the ions of the actinides, it is likely that the and 6rf- 
levels lie very close together, so that both sets of levels may be occupied. In general, the 
magnetic susceptibility of the actinide ions varies with the number of outer electrons in 
much the same way as is observed in the lanthanide series. The very high susceptibility of 
the gadolinium ion is paralleled by that of the curium ion—i.e., the ion considered to be 
the homologue of gadolinium—whereas the very low paramagnetism of the ion 

corresponds to the low value found for the magnetic susceptibility of Pu»+. The similarity 
goes so far that, just as the magnetic suseptibility of samarium compounds passes through a 
minimum at a certain temperature, there is also a flat minimum in the curve of 
plutonium(lll) compounds, as found by Dawson (1951). 

The compounds of the actinide elements, like those of the lanthanides, have highly 
characteristic absorption spectra, with sharp and intense absorption bands. The structures of 
the absorption spectra, in a number of instances, show a resemblance to those of the homo¬ 
logous lanthanides. It is interesting that in the transuranic series, as in the lanthanides, one 
ionic species is found in the middle of the series which is completely colorless in aqueous 
solution. This is the Cm**"^ ion which, like the corresponding Gd-^++ ion, has no optical 
absorption bands in the visible region, whereas all the other transuranic-(III) ions are 
colored, as also are the other ions in the lanthanide series. 


(b) History [ 2 \ 


The first of the transuranic elements to be discovered was ruptunium. In 1940, McMillan 
and Abcison, in the United States, found that when uranium was irradiated with slow 
neutrons, a ^-emitting species, having a half-life of 2.3 days, was formed; this could be 
separated chemically from uranium. The immediate product of irradiation of uranium 
with slow neutrons is a short-lived ^-emitter (half-life 23 minutes), which is chemically 
inseparable from uranium; formation of this substance had been observed by Hahn and 
Meitner, in 1936. As was proved later, this is the uranium isotope “’U, formed by neutron 
capture [(n,y) reaction] in the ”*U nucleus: *”U + Jn = * 3 *U + y. The element produced 
by the /^-particle disintegration of * 25 U must necessarily have the atomic number 93, but it 
was not at first possible to identify this product. McMillan and Abelson were able to show 
that the new radioactive species which they had discovered was the element of atomic 
number 93, formed by the ^-decay of They called it neptunium, since it followed 

uranium, in the same way as the planet Neptune is the next one beyond Uranus in the solar 


system. 

It was initially possible to study the chemical properties of neptunium only by the meth¬ 
ods of radiochemistry (tracer techniques). This situation was changed when (in 1942) a 
long-lived isotope of neptunium was discovered (”’Np, with half life 2.25 • lo* years). 
This isotope is formed when uranium is irradiated with fast neutrons, and is produced by the 

B 

reaction *?|U (n,2n) *?|U —-—► ‘IJNp. 

7 days 

The discovery of this long-lived isotope made it possible to work with pure, carrier-free 
neptunium compounds, even though quantities of only a few micrograms were available. 
It was subsequently found that *®’Np was formed as a by-product of the nuclear reactions 
Uking place in the atomic pile. A few milligrams of neptunium were first isolated from this 
source in 1944, and several tenths of a gram later became available for chemical study. 

Plutonium, the second element of the transuranic series, was discovered a few months 
after the identification of neptunium. Seaborg, McMillan, Wahl and Kennedy, at the end 
of 1940, irradiated uranium (in the form of U,Oa) in a cyclotron, with high-energy deute- 
rons, and noticed that a very short-lived neptunium isotope, “*Np, was formed. This 
underwent ^-particle decay, and produced a new element, emitting a-particles with a half- 
life of about 50 years. This new element, with the atomic number 94, was given the name 
of plutonium, after the planet Pluto which follows Neptune. 

The plutonium isotope *^*Pu, resulting from the ^-dccay of ***Np, was identified by 
Kennedy, Seaborg, Segr6 and Wahl in 1941, as an a-emittcr with a half-life of about 24,000 
years. It was found that this plutonium isotope, like actino-uranium (*®*U), undergoes 
fission by slow neutrons, and can be used for the same purposes. Very shortly afrer the dis- 
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covery of * 3 ®Pu, therefore, its large scale preparation was projected, and is now pro¬ 

duced in considerable quantities in several countries. 

The elements of atomic numbers 95 and 96 were discovered in 1944 by Seaborg, James, 
Morgan and Ghiorso. The first of these was named americiunt, after its supposed chemical 
similarity to europium in the lanthanide group. The second was given the name of curium, 
after Marie and Pierre Curie, with the intention also of emphasizing its relationship with 
the homologous lanthanide element gadolinium, which was named after the Finnish che¬ 
mist Gadolin. The first of this pair of transuranic elements to be discovered was curium, 
which was first prepared by irradiating «*Pu with high energy a-particlcs in a cyclotron.- 

“t;Pu + JHe - «|Cm -f Jn. 

When it was attempted to produce “‘Pu from by a similar process, it was found that 
the raulting plutonium isotope, a weak /J-cmitter, decayed to form an a-emittcr with a 
half-life of about 500 years; 

“lu + JHe = S'JPu + Jn ; “'Pu “JAm — 

'3y- 470 y- 


A second americium isotope was discovered shortly afterwards during the neutron irradia¬ 
tion of*^‘Am; this undergoes ^-decay, to yield *^*Cm: 

•SJAm + Jn = «>Ani + y; »|An, —^ >JJCm ~ -- 

lo hrs 102 days. 

Curium prepared by this means provided the first sample to be obtained free from any 
carrier, and was used by Werner and Perlman (1947) for ultramicrochemical investigations. 
Prior to this, the chemistry of curium had been studied only by tracer techniques. 

In the latter part of 1949, Thompson, Ghiorso and Seaborg, using the cyclotron of the 
University of California, at Berkeley, prepared two additional transuranic elements,- to 
which they gave the names of californium and berkelium. These elements were formed by 
irradiation of americium and curium with 35 raev a-particles: 

»«Am + {He = «>Bk + 2‘n ; «>Cm JMc = «‘Gf + 2*0. • 

These two elements, like the other transuranic elements, are both unstable. Berkelium 
undergoes transformation chiefly by A'-electron capture, forming curium; a certain propor¬ 
tion disintegrates by a-partide emission, to form americium. The half-life of berkclium(***Bk} 
is 4.6 hrs. Califomium(***Cf) is an a-emitter, with a half-life of 45 minutes. In the original 
discovery of californium, the amounts prepared and identified amounted to only about 5000 
atoms, obtained by the irradiation of only a few micrograms of curium. A californium 
isotope with a rather longer half-life (*^*Cf, half-life 35.7 hrs.) was later prepared (1951) by 
the irradiation of uranium with very high energy carbon nuclei, accelerate in the cyclo¬ 
tron: 

“ 5 U + '*C = «|Cf + 4 Sn. 

This isotope is also an a-emitter, and disint^rates to form ***Cm. It can, however, also be 
produced from curium (in this case by a-particle bombardment. It should be noted 

that the quantities of berkelium and californium available for chemical investigation have 
been (and arc likely to remain) so excessively minute that their reactions have been studied 
only on the extreme tracer scale; their similarity to the lanthanide elements consists in 
following dosely the reactions of a rare earth carrier, and is not based on any observations 
on the isolated elements at normal concentrations. 

• Although formulated as (a, Qn) reactions, it is possible that these nuclear transforma¬ 
tions take place with the ejection of only one neutron. The mass numbers are therefore 
uncertain to the extent of one unit. 
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The same is true of elements 99, 100 and loi. The first two were discovered almost 
simultaneously about the end of 1952 by various research groups (University of California 
Radiation Laboratory, Argonne National Laboratory and Los Alamos Scientific Labora¬ 
tory) during work on the transformation products of uranium which had been subjected 
to a very high instantaneous neutron flux in a thermonuclear explosion. In honour of Albert 
Einstein and Enrico Fermi elements 99 and 100 were named einsUinium (symbol E) and 
fermium (symbol Fm). Their separation from the chemically similar transuranic elements 
Cf, Bk, Cm and Am was achieved by the use of a suitable cation exchange resin and elu¬ 
tion with ammonium citrate solution. In this way their cations are more easily eluted than 
those of the elements mentioned above, and the whole series is eluted in the following order: 
jo^Fm* g,Cm*^ jjAm**. Under the same conditions the lanthanides 

give the series: „Er*^ „Ho»* „Dy>* „Tb>* „Gd>^ „Eu>\ From the elution behaviour it 
was possible to infer the atomic numbers of the new atomic species on the basis of their 
characteristic half lives and disintegration energies. Both were a-emitters with half-lives 
of 20 days and 15 hours, and mass numbers of 253 and 255 respectively. Later, further 
isotopes of both elements were discovered. Thus by irradiation of uranium with highly 
accelerated ‘‘O** particles Melander and his coworkers in Stockholm discovered in 1954 
a fermium isotope with mass number 250 and half-life 30 minutes. By irradiation of ***U 
with highly accelerated particles, Ghiorso and his coworkers (1953) obtained two 

short-hved einsteinium isotopes. «•£ and ^’E. The longest-lived einsteinium isotope known 
at present is “*E, a /^-emitter with a half-life of about 30 days. 

In 1955, Ghiorso prepared element lor in the form of an atomic species with mass 
number 256 by irradiation of **’E with a-particles accelerated to very high energies in the 
cyclotron. It U an a-emittcr with a half-life of only a few hours. In honour of Mcndcl<^ff it 
has been named meruUUvium (symbol Mv). 


(c) Occurrence 

It has ^cn shown that the transuranic elements do, in fact, occur in Nature, although 
only in minimal quanUtics. In 1941-4* Seaborg and Perlman established that pitchblende 
and camotite contained minute amounts of plutonium in the form of •’•Pu and it was later 
shown that all uranium minerals contain some plutonium, the amount b<!aring a rouehlv 
constant ratio to the uranium content. On the average, the amount of plutonium is about 

It b generally ataumed that the naturally occurring plutonium in uranium mineral, arbe, 

from the same processes by which plutonium is produced technically—i.e., by the nuclear 
reactions: 7 > r ic uuciear 

■35U + Jn = ^ "Np ^ 


23 mm. 


- “JPu. 
2.3 days ” 


w ^ present in the uranium minerals, although 

the quantity present at radiochemical equilibrium will be only 2.6 • lo-* % of the olutonii^n 

content, i g of pitchblende wiU therefore contain fewer than 6 atoms of “'Np. Such minute 

m'Tn"! of ^ sensitive methods employed for the mS^c- 

ment of radioacuve radiations, as is evident from the fact that the quantity of “•No present 

L- r f‘hZ‘ ih- 

.7 r L^ra^-^™ «7Tif£ 

formed by the reactions "U (n. 2n) —► «nj ^ tt.- 

tn, 2nj —► ► »JNp. This neptumum isotope 

»’Np^ but aim by another prtS^-n nu^t^^ Ar: 


IfTh (n, y) ^ MJTh 


/? 


23.0 min 


^Pa 


a7*4d 


•Su. 
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It cannot be “piijded that other transuranic elements, as well as plutonium and nentu 
mum, are formed in Nature as products of nuclear reactions However their hTlA ^ 
^Uha. .hey can hardly exis. in Nature in sufficien. an^rn^r""’ Ih:' d' 


2. Neptumuzn (Np) 


(d) lifctallic N^pt iiyiiii n% 

Of all the transuranic elements, neptunium displays the closest resemblance to 
uranium. It gives rise to the same oxidation states, but differs from uranium in that 
the tetrapositjve state is the preferred oxidation state. 


The relative stahiliUes of the individual oxidation states can be summarized by the 
following potential scheme, based on the measurements of Cohen and Hindman {1951). 



These valu« repr^ent oxidation-reduction potentials in volts at 25“, referred to the standard 
hydrogen electrode, for the 10ns involved in the following electrode processes: 


Np+++ Np+++* + e; Np+^++ + 2H,0 ^ [NpO.]+ + 4H+ -h e; 

[NpO,]^ ^ [NpO,]^+ -H e. 

For the equilibria into which H+ ions enter, the potentiab are those which hold for pH =0. 
^though Np++++ ions are more stable than U++++ ions, the oxidizing power of the Fe+++ 
ion IS sufficiently great to convert them to [NpvQ J+ ions (Huizenga and Magnusson. 1951). 
Conversely, Np(V) compounds in concentrated perchloric acid solution undergo dis- 

2Npv Npiv -h Np« as was shown by Hindman (1951)- 
The first investigations of carrier-free neptunium compounds were carried out in 1944 by 
Maptusson and LaChapelle, who employed a few micrograms of the long-lived isotope 
Np, obtained by irradiation of uranium with fast neutrons. To assist in detection of the 
neptunium, a small amount of the strongly radioactive “’Np was added as an indicator. 
As has already been mentioned, it later became possible to work with much greater 
quantities of material, when it was found that neptunium-237 a by product of the 
technical preparation of plutonium. The yield of neptunium is said to be about 0.1% of the 
quantity of plutonium isolated. 


Neptunium is a silvery, lustrous metal, fairly stable in air {dpyc = 19.5, m.p. 
640®). It exists in several distinct modifications. The form stable at ordinary temper¬ 
ature (a-Np) has an orthorhombic structure, which can be regarded as a deformed 
face-centered cubic structure. The unit cell, containing 8 atoms of Np, has the 
dimensions a = 4.723, b = 4.887, c = 6.663 A ((A_r*y = 20.45). At 278 ®C this 
changes into a tetragonal modification (y?-Np), and above 550® there is a third 
modification (y-Np), which is stable up to the melting point (Zachariasen, 1952). 

Neptunium Ls a fairly stronglv electropositive metal; it stands close to aluminum 
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in the electrochemical potential series, being a little nobler than aluminum and 
also more noble than uranium and plutonium (cf. p.621). Metallic neptunium can 
be prepared by heating NpFj to 1200 with Ba. 


(b) Neptunium Compounds 

A'eplunium trifluoride, NpFa, is obtained by heating NpOj to 500® in a mixture of 
HF and H,: 

NpOj + 3 HF + iH, = NpF, + 2H,0. 

The tetrajluoridey NpF4, is formed when either NpOa or NpFj is heated in a 
mixture of HF and O,: 

% 

NpO, + 4 HF = NpF^ + aHjO; NpF, + HF + JO* = NpF, + iH,0. 

.\eptunium tetrachloride, NpC^, can be prepared by heating NpO, in CCI4 vapor. 
When heated to 450® in hydrogen, the tetrachloride undergoes reduction to the 
trichloride: 

NpO, + 2CCI4 = NpCb + 2COCI,; NpCl, + iHj = NpCIa + HCl. 

These reactions correspond exactly to those used for the preparation of UCl* and 
UCI3. The neptunium compounds also correspond very closely in properties to 
the corresponding halides of uranium. Similarly, neptunium hexafluoride, NpF„ 
corresponds exactly in its properties to UF,; it may be obtained by heating NpF* 
in a stream of fluorine. 

Neptunium tribomide, NpBr,, is formed by the action of bromine vapor on a mixture of 
NpOt and an excess of metallic AJ. It can be obtained pure by first volatilizing away the 
AlBr, which is formed simultaneously at 250°, and then heating more strongly (to about 
800®) to sublime the NpBr,. The triiodide, Npl,, is obtained in a similar manner. If a 
mixture of NpO, and A 1 is heated in bromine vapor, without having any excess of aluminum 
present, the teirabromide, NpBri, is obtained. This sublimes at 500®. X-ray structure 
determinations have shown that all these neptunium halides are identical in structure with 
the corresponding compounds of uranium. 

Neptunium combines with nitrogen and carbon, forming the compounds NpN 
(a = 4.887 A, Zachariasen, 1949) and NpC (a = 5.004 A, Templeton, 1952), both 
of which crystallize with the NaCl structure. The compounds NpjPj and NpSig 
are formed with phosphorus and silicon. Shaft and Fried (1949) obtained the 
sulfide NpjSj, isomorphous with U^Sa, by heating NpO, in a mixture of H,S and 
CS,. 

The most stable oxide of n^tunium is the dioxide NpO*. This can be heated in 
air without undergoing any change in composition. It can be converted to the 
higher oxide NpjOg (e.g., by heating it in NO,—Katz, 1949), but oxidation takes 
place far less readily than with UO*. NpaO, is isomorphous with U3O,. The 
monoxide NpO, corresponding to UO, appears not to be very stable. 

Neptunium compounds derived from the +3, +4, +5, and +6 oxidation 
states can also be obtained in aqueous solution. Neptunium(III) compounds can 
be obtained in solution, for example, by electrolytic reduction of Np(IV). Air 
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must be excluded during the preparation since atmospheric oxygen reoxidizcs 
neptunium(III) compounds in aqueous solution to neptunium(I\') compounds. 

Neptunium{IV} fluoride, iodate, and hydroxide (or oxide hydrate) arcpraciical- 
ly insoluble in water. They can be dissolved in sulfuric acid, however, and oxidized 
to neptunium(VI) compounds by the addition of bromate. Neptuniuin(\') com¬ 
pounds can be obtained either by electrolytic oxidation or by oxidation with 
iron(III) salts. Sulfurous acid reduces both neptunium(\T) and neptunium(VO 
compounds, to neptunium(I\') compounds. 

Hexaposiiive neptunium gives rise both to neptunales and to neptunyl compounds. 
The former correspond to the uranates, and the latter to the uranyl compounds. 
Like the uranyl salts, the neptunyl salts, [XpO^lX^, have a tendency to form 
double and complex salts--e.g., sodium neptunyl acetate, Na[Np02](C2H302)3, 
which is isomorphous with sodium uranyl acetate. 

Double and complex salts are also formed from the neptunium(IV) and the 
neptunium(V) salts; most of the latter contain the cationic radical [NpOj]'*. 

Addition of OH- ions to ncptunium(V) salt solutions precipitates neptunium (V) 
hydroxide, from which Gibson, Gruen and Katz (1952) prepared pure neptunium(V) 
oxalate, [NpOjJHCjO* • 2H2O, by dissolving the hydroxide in i-A’hydrochloric acid and 
adding a solution of oxalic acid in /-butyl alcohol. The aqueous solution of the oxalate gave 
the absorption spectrum characteristic of neptunium(V) compounds, but also afforded 
evidence of the formation of oxalato-complex ions in solution, as well as the ions of the 
simple salt. 

The intermediate oxide NpaO^ is formed either by the action of NOjOn neptunium (IV) 
hydroxide, neptunium(V) hydroxide or neptunium(IV) nitrate at 300°, or by heating 
ammonium dineptunate, (NH4)jNp207 • HjO to 275-400* in air. If the temperature is 
raised to 770*, NpOj is formed. Whereas the action of NOj on U3O9 above 250* C leads 
to UO3, it has not proved possible to obtain the corresponding oxide of neptunium, NpOj. 
When NpjOb is heated in air, it at first loses oxygen continuously, without change in crystal 
structure. At 600* there is a discontinuity, and increased loss of oxygen, and NpOj is 
formed. This latter undergoes no further decomposition when it is heated in a vacuum to 
1100*. NpjOg dissolves in HGIO4 to form a mixture of ncptunium(V) and neptunium(VI) 
perchlorates, whereas when UjOg is dissolved in acid it produces a mixture of uranium(IV)- 
uranium(V)- and uranium(VI) salts (Miller and Dean, 1952). 


(c) Separation from Other Elements 

Neptunium can be separated from plutonium and the other transuranic elements, and 
also from lanthanum and its congeners, by adding sodium bromate and then hydrofluoric 
acid to a sulfuric acid solution of neptunium and the accompanying elements. At ordinary 
temperature, only the neptunium is oxidized by the sodium bromate, forming neptunyl 
ions, [NpOj]++. These are not precipitated by F' ions, whereas all the tri- and tetrapositive 
transuranic elements, and also lanthanum and the other lanthanides, are precipitated under 
these conditions as their insoluble fluorides. When it is required to purify neptunium from 
small traces of plutonium, etc., a small quantity of lanthanum salt may first be added, so 
that the precipitated lanthanum fluoride acts as a earner for the very small quantities of 

transuranic element fluorides. 


3. Plutonium (Pu) 

(a) General 

Plutonium, like neptunium, can exist in all the oxidation states displayed by 
uranium, but is converted to the +6 state even less readily than is neptunium. In 
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general, plutonium strongly favors the tctrapositivc state, although in combination 
with certain elements the tripositive state is still more stable. Thus the trihalides of 
plutonium are obtained under exactly the same conditions as would lead, with 
uranium and neptunium, to the formation of the tetrachloride and tetrabromide. 
The compositions of the oxysulfides—U'^ 0 ,S, Np'''OS, Pu™,OtS—also shows the 
progressive tendency, going from uranium to plutonium, to favor the lower 
valence states. 

On passing from uranium to plutonium, and then to the higher transuranic elements 
americium and curium, the diminishing tendency to exist in higher oxidation states is well 
exemplified by the compositions of the oxides, as can be seen from the following summary 
table. 

UO 


UO4 

U4O, 

u.o, 

UO, 

Plutonium forms a hydride, PuH,, resembling uranium hydride. It combines with 
nitrogen and carbon, to form the compounds PuN and PuC, which are isostructural with 
the corresponding uranium compounds. 

Plutonium resembles neptunium in that it can exist as ions in aqueous solution, 
in all its oxidation states except the bivalent state. Except where complex ions arc 
formed, the species of ions present in acid solution are Pu'*^, Pu++++, PuO,+ and 
PuO,++. 


NpO 

PuO 

Pu, 0 , 

AmO 


PU4O, 


NpO. 

PuO, 

AmO 

Np,0, 




Cm, 0 , 


Their relative stabilities, as compared with the corresponding ions of uranium, can be 
inferred from the following potential schemes. 



Uni 


+0.63 




+ 0.04 

-0.55 


1 

Uv 


.06 


•- 3 * 


+ 0.01 




The oxidauon-reduction potentials for the plutonium ions (in volts at 25® and referred to 
the ^ndard hydrogen electrode) are based on the measurements of Connick (1044-^1) 
and Hmdman (1944). It may be seen for example, that the reaction (in solution at pH = o) 

PuO,++ + H+ + = Pu+++ -f- 2 H ,0 

involves a decrease in free energy (of 69.8 kcal per g-ion of PuO,++). The corresponding free 
energy decrease for the reduction of the NpO,++ ion to Np+++ ions, by is 47.0 keS per 
g-ion. Oxidation of Pu+++ ions to Pu*+^* ions requires the expenditure of M.65 kcaTrf 

evfJm .T" oxidation of Np-^+* ions to ions is endothermic only to the 

kcal per g-ion Except when stabilized by complex formation, the U+++ ion is 
thcrmodynanucaliy unstable m aqueous solution, since it can be oxidized directly by H+ 
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ions 10 U+'*’''"'’ ions, unit hydrogen ion activity, this process is exothermic to the extent 
of 14.5 kcal per g-ion. 

Heats of reaction have also been determined for the reduction of the [PuOj]++ and 
Pu++++ ions to Pu+++ ions {Evans, 1945; Connick. 1951). These are 

[PuOj]^^ + = Pu^^-^ + 2H,0 + 77.8 kcal, 

Pu++-^+ + JHj = Pu+*+ + H+ + 13.5 kcal. 

In the one case the heat of reaction is greater, and in the other case less than the free energy 
change. Hence the first of these reactions must be associated with a decrease in the entropy, 
and the second with an increase in entropy ( = —26.6 and + 30.6 caI/°, respectively). 

Equilibrium can be established between the Pu+-*"*- ions and (Pu02]-*^+ ions, the position 
depending on the pH of the solution: 


2Pu +++ + [PuOJ + ^ + 4H+ ^ 3PU +++* + 2H2O. 


For the equilibrium constant, A"| = 


[Pu+++]* . [(PuOj)*-*] 

[Pu> + i-4j3 


Kasha (1945) gives the 


value K = 0.040 in a solution 1-normal in HCIO4. and = 40.2 in a solution o. i normal 
in HCIO4, both at 25® and unit ionic strength. The observed figures make /Tj proportional 
to [H^]-*, whereas the reaction equation should make Ki proportional to [H^]"^. The 
reason for this discrepancy is not known. 

There is an analogous equilibrium for the reaction: 


Pu*+'‘ -I- 2(PuOj]'*‘+ -f- 2H,0 3[PuO,]+ -f- 4H+. 

T,. ^ rPu+++] • [(PuO 

The constant K» = - 

[{PuO,)+] 

value 1.2 • to* at 25®, in a solution 0.5-normal in HCI. It follows that [PuOj]''' ions can be 
present only in extremely low concentration in strongly acid solutions. However, if the H+ 
ion concentration is lowered, the equilibrium shifts strongly in favor of [PuOj]'*' ions. 
According to Kasha, in a i-normal HCIO4 solution about 0.5%, and in a o.oi-normal 
HCIO4 solution about 60% of the plutonium will be present in the -1- 5 state, in equilibrium 
with the ions of the other oxidation states. (Measurements apply to solutions of unit ionic 
strength). It is, however, possible to achieve a fairly high concentration of [PuO,]'*' ions 
in quite strongly acid solution—e.g., through the electrolytic reduction of [PuO,]++ ions— 
since the disproportionation whereby equilibrium is set up, as just considered, is a relatively 
slow process. 


)++i* 

z - L. was found by Connick (1944) to have the 


Plutonium can form anionic complexes from all the oxidation states in which it 
can exist in aqueous solution. Oxalate, acetate, and sulfate ions have an especially 
strong tendency to Ibrm such complexes, whereas chloride and nitrate ions have a 
weak tendency to do so. It has been stated that plutonium ions form no complexes 
with perchlorate ions. 

Metallic plutonium can be prepared by heating plutonium fluoride in barium 
vapor. Plutonium is a fairly strongly electropositive metal. Its place in the electro¬ 
chemical series follows from its standard potential, referred to the standard hydrogen 
electrode: 

A 1 /AI+++ Tu/Pu**'*’ Np/Np+++ Mn/Mn’*”*’ 

-I-1.69 volts -f-r.6 volts +1.5 volts +1.4 volts -f-i.i volts 


The Uchnical importance of plutonium is based on the fact that the * 3 »Pu isotope is 
fissile, both by slow and by fast neutrons. This property is common to the nuclei 
of ”®Pu, *»®U, and Although actinouranium (*^*U) occurs naturally in large 
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amounts, as a constant constituent of natural uranium (0.7%), whereas plutonium 
must be made artificially by nuclear reactions from “»U, it is nevertheless easier to 
prepare plutonium than pure on an industrial scale. This is because plutonium 
can be separated chemically from uranium, whereas ”*U can only be obtained 
pure by using the methods involved in the separation of isotopes. The translation 
of such processes from the laboratory scale to the industrial scale is a matter of 
extreme technical difficulty. Furthermore, other artificial radioactive elements are 
obtained as by-products in the large-scale production of plutonium, while the 
enormous amount of atomic energy liberated during the production of plutonium 
can be applied to the generation of electrical energy {nuclear power reactors). 


(b) Production of Plutonium 

(j) Nuclear Reactions. The technical preparation of plutonium hinges on the 
occurrence of the following nuclear reactions, through the interaction of slow 
neutrons on the more abundant isotope of natural uranium, ***U: 


238(1 

92 ^ 


4 - 1 


n 


«|U 



23 mm* 


2.3 d 


«JPu. 


'I’he neutrons needed for this process arise from the nuclear fission of which is 
present to the extent of 0.7% in natural uranium. 


In the nuclear fission of at least two fresh neutrons are generated for every neutron 
which is used to bring about fission. If the conditions were such that each one of these 
neutrons could bring about the fission of another nucleus, the number of free neutrons 
would increase with extraordinary rapidity, as was discussed in Chap. 12. The chain 
reaction would be self-accelerating, and would take place explosively, with very great 
violence. This is the principle of the atomic bomb. Whereas the uncontrolled chain reaction 
leads to an explosion, a nuclear reactor such as is used for generation of power, or for the 
production of plutonium, makes use of a controlled chain reaction. 


When nuclear fission takes place, not in pure but in natural uranium, 

which contains far more than *’*U, the liberated neutrons collide far more 
frequently with nuclei than with nuclei. Even if only a small fraction of 
the collisions with lead to the capture of neutrons by the nuclei, with resulting 
formation of *’®U, it necessarily follows that only a fraction of the liberated neu¬ 
trons can collide with*^*U nuclei, to bring about fresh nuclear fissions. Suppose, for 
simplicity, that two neutrons are liberated for every nucleus of undergoing 
fission, and that on each occasion, one of these two neutrons reacts with a **®U 
nucleus to give *”Pu, (by way of and *®®Np), whereas the other neutron brings 
about the fission of another ‘’‘U nucleus. Then a fresh pair of neutrons is regene¬ 
rated, and the number of free neutrons remains constant. The nuclear reaction will 
then be propagated with constant velocity. This is approximately the state of affairs 
achieved in the technical production of plutonium. 


Only half the neutrons are absorbed by the ”*U nuclei, although these latter are about 
139 times as abundant in natural uranium as are the *’*U nuclei. This is because the 
capture cross section (seep, 585 el seq.) of is very much smaller than that of«*U. This is true 
for so-called /Arrma/ neutrons, having a kinetic energy of about 0.025 cv at ordinary temper¬ 
ature, and since in general the cross section varies inversely as the square of the neutron 
energy, the difference in capture efficiency is still greater for neutrons of high kinetic energy. 
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Between the range of thermal energies and of very high energies, however, the cajnurc cross 
section of *^*U passes through a so-called resonance peak (at about 3 ev)—i.e., a narrow range 
within which the capture cross section rises to ver>- high values indeed (se\eral thousand 
barns). The neutrons ejected in the act of nuclear fission initially have very high kinetic 
energies (i to 2 mev). When they collide with = 3 «U nuclei, they undergo elastic collisions in 
almost every case—i.e., they are reflected without being captured*. .At each collision, 
whether with ”*U or with any other nuclei, the velocity of the neutrons is diminished, since 
they share their kinetic energy- with the collision partner (cf. p. 561). Their kinetic energy 
ultimately drops to a value around 5 ev, and if at this stage they collide with "’•‘U Jiuclci, 
they will be almost quantitatively absorbed. In order to conserve sufficient nuclei to carry 
on the fission of it is therefore necessary to ensure that the decrease in kinetic energy of 
the fission neutrons takes place within some material that has the smallest possible neutron 
capture cross section, A material with properties suitable for this purpose is called a moder¬ 
ator, and the slowing-down of the neutrons is referred to as thertnalizalion. The essential property 
of a good moderator is not only that it shall have as small a capture cross section as 
possible, but also that the number of collisions needed to slow the neutrons down to thermal 
energies shall be as small as possible, since even with a very small capture cross section a 
certain proportion of the collisions must lead to capture. 11 follows from the laws of dynamics 
that the best decelerating properties will be exhibited by the nuclei with the smallest mass 
numbers (p. 561). From Table 80 it is apparent that out of the various substances coming 
into practical consideration as moderators for the production of plutonium, graphite and 
heavy water are the most suitable. At the present time, graphite is more readily prepared 
than heavy water, in the very large quantities that are required. The graphite must, how¬ 
ever, be of extremely high purity, since even minute traces of impurites with high cross 
sections very seriously increase the total capture cross section of the material. 

TABLE 80 


SLOWING DOWN EFFECT OF VARIOUS NUCLEI FOR NEUTRONS 


Nucleus 

H 

D 

He 

Be 

C 

0 

Mass number 

I 

2 

4 

9 

12 

i6 

Percentage energy loss at each 
collision 

63% 

52% 

35 % 

*8% 

14% 

11% 

Number of collisions needed 
for thermalization 

18 

25 

42 

90 

114 

150 

Capture cross section, barns 

0.3 

o.ooi 

0 

0.01 

0.005 

0.002 


Fig. 81 represents diagrammatically the processes which, according to the fore¬ 
going discussion, are involved in the production of plutonium. According to this 
scheme, i atom of plutonium should be produced for each atom of that under¬ 
goes fission. This is approximately true in practice. 

The condition that the process shall be self-susUining is that out of the neutrons liberated 
in each fission, exactly one neutron, on the average, brings about another fission. This 
condition is not fulfilled simply by inU*oducing a moderator into the system; other factors 
must also be taken into account, as is briefly considered below. 

{it) The Multiplication Factor. Assume that at a given instant, the number of 
fissions occurring in a system = z. Of the neutrons which are thereby liberated, let 
the number k • z bring about further fissions. Then the factor k is said to be the 
multiplication factor for the given system. If, for example, 100 neutrons bring about 
fissions at a given instant, and 105 of the neutrons so liberated ultimately causes a 

* A very small fraction of the fast neutrons is captured by the nuclei, and brings 
about fission of “*U. 


624 


TRANSURANIC ELEMENTS 


>4 


second generation of fissions. The number of neutrons causing a third generation of 

• 1.05, and the number of fissions in the nth gener¬ 
ation will be too - 1.05““^, the multiplication 
factor being 1.05. If a single neutron were intro¬ 
duced into a system with the multiplication fac¬ 
tor k = 1.05, the number of neutrons would be 
over 16,000 by the two-hundredth generation, 
and about 3.8 • 10*“ at the beginning of the 
five-hundredth generation. If k is appreciably 
greater than unity, the number of neutrons 
. thus grows with extreme rapidity. Conversely, 
if k is less than i, the number of neutrons rapidly 
falls; if A: = 0.95, the number of neutrons would 
fall from lo* to i in four hundred generations. 
To maintain the nuclear reaction in a steady, 
self-sustaining state for the production of pluto¬ 
nium, it is therefore necessary to have a means 
of controlling the multiplication factor conti¬ 
nuously, to have a value very close to i .000...; 
the reaction may otherwise die out or become 
uncontrollable. 

The magnitude of the multiplication factor is 
determined by a number of processes. How far it is 
possible to modify the multiplication factor by 
changes in these, can be seen from the following. 

[1] It has been assumed that 2 fast neutrons are 
liberated for each slow neutron absorbed in bringing about fission. In fact, the 
yield of neutrons per fission is appreciably greater than 2, and varies from one 
fissile material to another. This factor may be denoted by If z slow neutrons 
bring about a corresponding number of fissions, the number of free neutrons is 
thereby raised from c to/i • z. 

[2] The neutrons liberated in fission initially have a kinetic energy of 1-2 mev. They are 

therefore capable of inducing fission of‘“U nudei, and although the corresponding 
fast fission cross section is very small, such fissions occur. The fast neutrons may also 
collide with nuclei, and can again bring about fission. The effect of these 

processes is to increase the number of neutrons further, by a/ar< Jission/actor,f^y from 
fi' Z /i '/t ■ z. ft usually has a value about 1.03. 

[3] In the course of being slowed down, and before they have been completely thermal- 
ized by the moderator, a certain proportion of the neutrons will inevitably collide 
with nuclei, while possessing energies in the resonance region. Such neutrons 
are absorbed, and the total number of neutrons is thereby reduced from /j •/, • z to 
/i ‘ft ’/a ' z. The factor /, (which is always < 1) measures the probability that a 
neutron will escape absorption by before attaining thermal energies. Since the 
absorption depends largely on the resonance effect for electrons of about 5 ev, the 
factor /, b termed the resonance escape factor. The magnitude of/, can be controlled 
by modifying the spatial distribution of fissile material and moderator. The neutrons 
are slowed down in course of diffusion through the moderator, and it is necessary 
to minimize the probability that they shall collide with uranium again before 
executing a sufficiently long diffusion path to reduce their energy below the resonance 
value. TWs factor therefore determines the manner in which the uranium rods arc 
disposed in a regular array in channels through the moderator of a nuclear reactor. 


fissions will then be 100 • 1.05 

I 



Fig, 81. Scheme of events in 
the production of plutonium. 
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[4] A small, but not insignificant, fraction of the neutrons is absorbed by the moderator 
in the process of thermalization. A further, ver> appreciable, proportion is used up 
to convert jnio plutonium, after thermalization. In addition, a verv important 
proportion (which must be minimized as far as possible) is captured by impurities in 
the uranium and moderator, by structural materials of the reactor, and by the air or 
liquid coolant used to carry off the energy liberated by fission. The effect of this 
competitive absorption is to reduce the number of neutrons from /, » to 

fx ‘ft ‘ fi ’ fK ' The larger the value ofy’4. the greater is the number of thermal 
neutrons available to generate fresh neutrons by fission of This factor is there¬ 
fore known as the thermal utilization factor. 


In a system of infinite size, the ratio 


fi ' fz ‘S i ‘ f \ f 


W'ould be the overall fraction 


of the neutrons coming from the original z fissions, which themselves bring about a fresh 
generation of fissions. This by definition, is the multiplication factor k. Hence 

^ (I) 

Of these four factors which enter into the multiplication factor./j./, and to some extent 

depend on the experimental conditions. It is evident that/< depends on the nature of the 
moderator, and also that the condition k = 1.000 000 . . . can be achieved by altering at 
will the amount of competitive absorption in the pile, by a suitable control device. It is also 
apparent that a high value for the resonance escape factor/, is favored by having the urani¬ 
um present in compact pieces, embedded in the graphite, rather than as a more or less 
homogeneous mixture of finely divided uranium and graphite. 

{Hi) Critical Size of a J^uclear Reactor. Equation (i) above is valid for a system of infinite 
size, whereas an actual nuclear reactor involves a system of finite size. In a finite sy stem 
there is also a loss of neutrons which diffuse out of the boundaries of the system, and 
the multiplication factor may be very considerably diminished from this cause. The 
number of neutrons leaking out of a reactor is proportional to the surface area, whereas 
the number produced is proportional to the volume of the core. In the case of a sphe¬ 
rical core, the ratio of neutrons leaking out to neutrons produced is inversely pro¬ 
portional to the radius. If the multiplication factor k of eqn (1) is greater than unity, it is 
possible to select such dimensions for any reactor that the loss of neutrons by leakage 
exactly compensates their multiplication by fission. The over-all multiplication factor, 
which may be represented by k', then has a value of exactly i.ooo. Suppose, for example, 
that too fissions produce such a number of neutrons that 105 neutrons should be available 
for the second generation of fissions if there were no loss from leakage. If 5 of these 105 
neutrons are lost from the system by leakage from the core, there remain too neutrons 
actually available for the second generation of fissions. The effect of neutron leakage has 
then been to reduce the multiplication factor from k = 1.05 to k' = i.oo. The nuclear 
chain reaction will then not follow an auto-accelerating course, as it would in an infinite 
system, but proceeds at a constant rate. The dimensions of a nuclear reactor for which the 
loss by leakage is exactly compensated by the multiplication which would obtain in an 
infinite system, is known as the critical size. The critical size depends upon several factors— 
e.g., the isotopic composition of the fissile material, the nature and amount of the moder¬ 
ator, and the competitive absorption by impurities. The isotopic composition of the fissile 
material markedly affects the resonance escape factor/3, and it is apparent that a relatively 
small degree of enrichment of as compared with the proportion in natural uranium, 
should appreciably diminish the critical size. The critical size of a reactor using heavy 
water as moderator is appreciably smaller than for a graphite-moderated reactor. 

(iv) Control Rods. A self-sustaining nuclear reaction can only take place if the reactor is at 
least of critical size. In practice, reactors are built so as to be rather above the critical size, 
but a fraction of the neutrons is absorbed in ‘control rods’ of cadmium or boron steel. 
Cadmium and boron have extremely large capture cross sections for slow neutrons, as 
compared with, e.g., aluminum which has an extremely small cross section. The neutron 
flux in a reactor is then kept constant by inserting the control rods more or less deeply into 
the core, thereby changing the thermal utilization factor/^. If the flux rises, the control rods 
are pushed into a greater depth. If the flux falls, the control rods are withdrawn, to reduce 
the competitive absorption. 
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(i-) Delayed Neutrons. The possibility of regulating the rate of the chain reaction in a nu¬ 
clear reactor by means of control rods hinges upon the fact that a fraction of the neutrons 
released by fission is not emitted instantaneously. The enormous speed with which any 
adventitious change in the multiplication factor would reflect itself in a growth or dimi¬ 
nution in the rate of fission would make control of the system impossible if this were not the 
case. 

flic neutrons emitted in the process of fission arc not ejected from the nucleus under¬ 
going fission, but from the fission fragments. However, these fragments emit most of the 
neutrons instantaneously, during the act of fission (probably within sec). A small 

proportion, however (about 0.75%), is liberated after some delay (of the order of seconds). 
I his means that if a nuclear reactor is so adjusted that its multiplication factor at a given 
instant is k' = 1.0055, number of fissions in each generation increases in the ratio 
10,055 : 10,000; but the number of neutrons instantaneously liberated to induce the next 
generation of fissions is only 9980. Thus the original 10,000 fissions will be followed within 
an extremely short interval of time by 9980 fissions, whereas the remaining 75 fissions of the 
second generation take place over an interval of time, falling off exponentially over several 
seconds. However, the increase in the number of fissions at each generation is due solely to 
the delayed neutrons, and takes place relatively slowly. The position of the control rods may 
be changed so that the multiplication factor is diminished, and the rate of increase in the 
neutron flux (and therefore in the energy released) is prevented from getting out of control. 

(iv) Atomic Piles. The nuclear reactors used for the technical production of 
plutonium are commonly spoken of as piles. The name originated with the first 
self-sustaining prototype reactor, which was built up from alternate layers of 
graphite and uranium lumps (also some uranium oxide). Later reactors have been 
built from large graphite blocks, through which run channels. Rods of metallic 
uranium, sheathed in aluminum, are placed in these channels, through which also 
flows air or some other coolant to carry off the great amount of energy released 
in fission. The uranium is discharged from the reactor for processing from time to 
time, when it has a content of about 0.1% of plutonium (including such neptu¬ 
nium as is in course of decay). 

It is not possible to continue the irradiation of the charge so long that all the is 
‘burned up’ and converted to the corresponding amount of plutonium. As plutonium 
accumulated, it would itself undergo fission by slow neutrons to an increasing extent, until 
it would ultimately be consumed by fission at the same rate as it was being produced from 
***U. More important is the fact that as the fission products of •*®U accumulate, they act 
increasingly as impurities vrith very high neutron absorption. They thereby reduce the 
multiplication factor, until eventually k would drop below i, and the reactor would 
cease to function. 

The first reactors to be constructed used graphite as moderator; examples of experimental 
graphite-moderated piles are those at Harwell, in England, and Brookhaven, in the United 
States. Heavy water-moderated piles may be exemplified by those at rihalk lUver (Canada) 
Chatillon (France) and Argonne (United States) (Sec NucUonieSy 11, No. 5 (1953) 21). Such 
piles are used as neutron sources for physical experiments and for the study of radiation- 
induced reactions, and as means of preparing artificial radioelements for therapy, tracer 
studies, radioactivation analysis, etc. 

A diagrammatic cross section of such a reactor is given in Fig. 8a, which shows the lattice 
structure of graphite blocks, penetrated by channels bearing the uranium rods sheathed 
in aluminum. The release of energy due to fission in such a reactor ma y be of the order of 
6,000 kilowatts, and the maximum neutron flux to** to 10** neutrons per cm* per sec. 
Fig. 8a shows schematically the adjustable control rods, and also the provision for the 
production of artificial radioelements such as **P and For this purpose, an experimental 
channel penetrating the reactor is furnished writh a rectangular graphite block into which 
are fitted aluminum <^psules. The materials to be irradiated (sulfur for «P, tellurium for 
etc.) are loade^ into these capsules, subjected to irradiation with neutrons in the pile, 
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and subsequently removed for direct use or for chemical processing, as may be required. 

Around the ‘core’ of the reactor is a thick layer of graphite blocks, \vhi( h serves as a 
neutron reflector; the multiplication factor of the reactor is thereby raised. The pile is an 



Fig. 82. Schematic cross section of a graphite-moderated atomic pile. 

A Uranium bars 

B Aluminum cans enclosing uranium 

C Graphite moderator 

D Control rod 

E Concrete shielding {‘biological shield’) 

F Graphite holder containing aluminum capsules, filled %vith 
materials undergoing neutron activation in the pile. 

intense source not only of neutrons but also of y-radiation, and the whole is surrounded by 
a thick ‘biological shield’ of dense concrete. 

Whereas piles designed as experimental instruments, or solely for plutonium production, 
may operate at low temperatures with air cooling (as at Harwell and Brookhaven) or water 
cooling, reactors for power production must operate at higher temperatures, and may be 
cooled by carbon dioxide, helium, or liquid sodium. In such cases the coolant is passed 
through a heat exchanger in which steam is generated, as the motive power for turbines. 

The first experimental installation for carrying out a self-sustaining fission reac¬ 
tion was erected at Columbia University, and operated injuly i 94 *- consisted of 
lumps of‘technical pure’ uranium oxide, totalling 7,000 kg weight, embedded in 
graphite. It was not capable of a self-sustaining reaction, since too many neutrons 
were captured by impurities. A self-sustaining chain reaction (without any external 
source of neutrons) was first achieved in the purely experimental reactor built at 
the University of Chicago, and put into operation in December 1942. The pro¬ 
duction of important quantities of plutonium became possible with the pile built at 
Oak Ridge, Tenn., which started up in November 1943 at a power level of 800 
kilowatts, subsequently raised, after considerable modifications to over 2000 kilo¬ 
watts by the middle of 1944. The first production piles came into operation at 
Hanford (Washington, United States) in the autumn of 1944. This plant comprised 
three water-cooled production piles, with a total heat output of about 1,000 mega- 
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watts, which enabled plutonium to be produced on the kilogram scale. Nuclear 
reactors have since then been constructed in a number of countries other than the 
United States, some for plutonium production, some purely as experimental 
reactors, and others principally for the generation of power. 

(rii) Extraction of Pure Plutonium. The irradiated uranium rods, containing 
neptunium and plutonium, are dropped into deep water tanks when they are 
removed from the reactor. They are allowed to ‘cooP in these for a long period, 
until the conversion of neptunium into plutonium has become complete. At the 
same time, all the shorter-lived members of the complex mixture of fission products 
decay away. I his is most desirable, since the level of y-ray activity is at first 
excessively high, but decreases greatly during the cooling period. Even so, the 
intensity of the radiations remains so great that all chemical processing must be 
carried out in a plant heavily shielded with concrete, and provided with remote 
control for all operations. 

In principle, the separation depends upon the similarity of plutonium and uranium in the 
-» G .state, and the far greater stability of plutonium(IV) compounds as compared with 
uranium(IV) compounds. Thus the irradiated uranium can be dissolved in acid, and 
oxidized to uranium(\Tj salts under such conditions that the plutonium remains un- 
oxidized. The plutonium(IV) can then be precipitated from solution, in the presence of 
some suitable carrier. The precipitate can be centrifuged off, redissolved, and oxidized so 
that Pu(IV') is converted to Pu(VI). The carrier is then precipitated, and carries down with 
it a certain proportion of the fission products. Those fission products which are not taken 
down by the carrier should not be precipitated if, after removal of the carrier, the plutonium 
is reduced to Pu(I\') once more, and re-precipitated under the same conditions. In order to 
obtain absolutely pure plutonium, decontaminated from fission products, these oxidation-, 
reduction- and precipitation processes must be repeated several times. 

Although these chemical operations appear simple in principle, the preparation of pure 
plutonium, free from P- and y-ray activity, involves about thirty steps. In view of the health 
hazard presented by the radioactive radiations, and by the plutonium, all operations must 
be performed by remote control—behind heavy shielding until all fission products have 
been completely removed, and within totally enclosed ‘dry boxes’ even after the and 
X-ray emitting fission products have been eliminated. 

The design for the original Hanford plant had to be coi:sidered before plutonium or any 
of its compounds had been seen. Plutonium compounds, freefr.^m carrier, were first obtained 
in visible amounts in August 1942, and the chemical separation process originally used at 
Hanford was based upon experiments for which the total available quantity of plutonium 
was about 0.5 mg; this was prepared by means of a cyclotron, and not in a nuclear reactor. 
Most of the experimental work was carried out on the microgram scale. Translation of these 
laboratory experiments to the production basis involved an increase in scale of 1,000 
million : i. 


(c) Toxicity of Plutonium 

Plutonium and the other a-emitting elements of moderately long half-life are dangerously 
toxic substances, since they form insoluble phosphates and became incorporated in the 
growing bone cells if they are ingested, or enter the blood stream through an injury. 
Plutonium(IV) phtwphate is so insoluble that, once precipitated, the clement is excreted 
from the s>^tem only very slowly indeed. The effect is therefore cumulative. The intense 
chemical effects produced along the tracks of the a-particles, emitted from a speck of 
plutonium compound, can produce serious lesions in the bone marrow cells which generate 
the red blood corpuscles. Although the radiations from plutonium compounds are ‘soft’, 
and require no shielding, it is necessary to carry out all chemical work, or fabrication of 

fJnTZZ such that exposure to air-borne dust, etc. (such as can arise 

from the drying of droplets of liquid when experimenting in the open laboratory), is abso- 
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lutcly prevented, since the cumulative life-time tolerance dose of plutonium is of (he order 
of only I microgram. Similar precauixoris are essential for the safe manipulation of radium protacli- 
mum, and other a-emilters of similar half-life. 


4* Iniportant Compounds of Plutonium 


(a) General 

Salts of +3, +4, and +6 plutonium are readily prepared, but the salts of 4-5 
plutonium are obtained only with difficulty, because of the tendency of the penta- 
positive ion to undergo disproportionation. It has not proved possible to obtain 
plutonium(II) salts. 

Plutonium(III) salts are partially hydrolyzed by water, unless the hydrolysis is 
repressed by the addition of an excess of acid. Plutonium(l\'} salts have a much 
stronger tendency to undergo hydrolysis. Except for some strongly complexed 
compounds, the plutonium(VI) salts contain the plutonyl radical, [PuO*]*-^, 
corresponding to the uranyl radical. Plutonyl compounds, fPuOaJX,, are hydrol¬ 
yzed only to a ver>’ slight extent, and usually crystallize well. 

The salts of plutonium, and their solutions, have characteristic colors, and 
display absorption spectra similar to those of the rare earths. Solutions of pluto- 
nium(III) salts are bright blue, those of plutonium{IV) salts are pale red (except 
when complex formation occurs), and those of plutonium(VT) are pink at high 
dilutions. Complex formation produces a change of color, and plutonium(IV) 
salts in nitric acid solution, for example, are deep green. 

In accordance with the redox potentials (p. 620, and Table 103^ Vol. I), plu- 
tonium{III) in aqueous solution is oxidized by atmospheric oxygen to pluto- 
nium(IV). At ordinary temperature, permanganate also brings about oxidation as 
far as plutonium(IV), but above 60® it oxidizes plutonium(III) or (IV) salts to 
plutonium(VI) salts (plutonyl salts). Uranium(IV) reduces plutonium(IV) ions to 
plutonium(III). 

Plutonium( III) ions have a much smaller tendency to form complexes than plutonium(I V) 
ions, which very readily form a wide range of anionic complexes. For this reason, the oxi¬ 
dation potential of the Pu(IV) ion in (e.g.,) hydrochloric acid is smaller (by about 0.025 
volt) than in perchloric acid. Plutonium ions, in any of their oxidation states, do not form 
complexes with perchlorate ions, at the concentrations ordinarily employed. Plutonium 
complexes with chloride ions only very weakly in the -1-3 state, but appreciably more 
strongly in the tetrapositive state. The free energy change associated with the conversion of 
Pu”' to Pu“' is thereby diminished. Conversely, the free energy change for the conversion 
of Pu''* to Pu*'' is greater in hydrochloric acid solution than in perchloric acid solution, 
since the greater tendency of Pu‘'' to undergo complex formation favors the reaction. The 
difference between the oxidation potentials in hydrochloric acid and in perchloric acid is 
somewhat smaller (0.019 volt) in this case, however, since there is a smaller, but appreciable 
tendency for complex formation with chloride ions to occur in plutonium(VI) solutions also. 
The formation of complex ions in plutonium solutions is very clearly shown by changes in 
the absorption spectra, which can lead to very pronounced alterations in the color. Thus 
plutonium(I V) nitrate solutions are green, as a result of the formation of nitrato-complexes, 
instead of displaying the characteristic pale red color of the hydrated plutonium(IV) ion. 

From solutions of plutonium(ni) s^^\Sy plutonium{III) hydroxide is precipitated by 
ammonia as a dull bluish precipitate which readily undergoes oxidation in the air. 
From plutonium(IV) salt solutions, ammonia precipitates the pale green, slimy 
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plutomum{lV) hydroxide, which is converted by ignition into dark brown, insoluble 
plutonium dioxide, PuO,. The dioxide is also formed by ignition of the nitrate or 
iodatc. Plutonium is only precipitated by alkali hydroxides from plutonium(VI) 
salt solutions (plutonyl salt solutions), as plutonate or polyplutonate, when it is 
present in relatively high concentration. The alkali plutonates differ from the 
corresponding uranium compounds in being much more soluble. Barium plutonate 
is much tnore sparingly soluble than the alkali plutonates. It has not been prepared 
in the pure state, but appears to be a polyplutonate—e.g., BaPujOig. 


(b) Oiudes and Sulfides 

{/) Oxides. The known oxides of plutonium are PuO, PujOj, Pu, 0 „ and PuOj. The 
oxides PuO and PuO, are isostructural with the analogous oxides of uranium, neptunium, 
and americium. The monoxides of these metals have the NaCl structure, and the dioxides 
(as also thorium dioxide) have the fluorite structure. PujO, is not isostructural with 
samarium sesquioxide (as might be expected from the supposed homology between 
plutonium and samarium). It has the hexagonal structure of the Type A rare earth oxides 

_LajOj—with a = 3.840, c = 5.957 A. PujO, forms mixed crystals withal! the rare 

earth oxides crystallizing with this structure (Templeton, 1952). 

Plutonium peroxide. Plutonium(IV) salt solutions turn blood red in color on the addition 
of hydrogen peroxide, by reason of the formation of peroxidic complex compounds. If the 
hydrogen peroxide concentration is sufficiently high, an intensely green precipitate is 
thrown down; neglecting its water content, this has a composition corresp>onding to the 
formula PuO^. It contains plutonium in the tetrapositivc state, and is isomorphous with the 
thorium compound of analogous composition (Koshland, 1945). It would appear that the 
same compound is precipitated from plutonium(VI) salt solutions, although much more 
slowly (Harvey, 1947)* 

(ii) Sulfides. Plutonium forms a sesquisulfide, PujS,, and an osysulfide, Pu, 0 ,S. The sesqui- 
sulfide is formed by heating PuGI, in a current of hydrogen sulfide. It crystallizes cubic, and 
is isostructural with La,Sj, CcjS,. AcjS,, and Am,S,. The oxysulfide, obtained by heating 
PuO, to about 1250° in hydrogen sulfide, is isostructural with La, 0 ,S and Ce, 0 ,S.AlJ 
these compounds have hexagonal structures which are related to the structures of the sesquN 
sulfide (Zachariasen, 1949). 

(c) Halides 

(i) Fluorides. Plutonium trifiuoride, PuF,, is obtained as a violet precipitate when alkali 
fluorides are added to solutions of plutonium(III) salts. It undergoes oxidation, to form 
PuO, and PuF,, when it is heated in oxygen to about 600®. With sodium fluoride, the tri¬ 
fluoride forms the complex NaPuF4. Plutonium tetrafluoride is formed as a flesh-colored 
precipitate having the composition PuF, • 2jH,0, by the action of fluoride ions on 
plutonium(IV) salt solutions. It is converted into yellow, anhydrous PuF* by gentle heating. 
PuF, undergoes decomposition when heated above 900® in a vacuum, forming the tri- 
fluoride according to the equation PUF4 -*■ PuF, + ^F,. Some observations suggest that 
PuF, is formed as an intermediate stage in this reaction (Fried). No plutonium compound 
corresponding to UF, has yet been described. 

Plutonium tetrafluoride was the first plutonium compound to be obtained in the carrier- 
free state. It was separated by Cunningham (1942) from uranyl nitrate which had been 
subjected to prolonged irradiation with neutrons from a beryllium cyclotron tai^et, the 
neutrons being produced by the reaction: 

•Be + »d = ‘JB + Jn. 

Most of the unchanged uranium was first extracted, as uranyl nitrate, by shaking the 
solution with ether. A weak reducing agent was added, and neptunium and plutonium 
were then precipiuted as fluorides, together with cerium and lanthanum fluorides as 
carriers. The sparingly soluble fluorides were converted to the soluble sulfates by fuming 
them down with concentrated sulfuric acid, and the aqueous solution of the sulfates was 
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treated with bromate at ordinary temperature. Neptunium was thereby oxidized to 
[NpOi]'*’* ion, and remained in solution when the fluoride precipitation was repeated. I’he 
plutonium fluoride, with its rare earth fluoride carrier, was once more converted to the 
soluble sulfate, and the solution was treated with ammonia. The precipitated hydroxides 
were dissolved in nitric acid, and the plutonium was oxidized to [PuOj]^^ by means of 
pcroxysulfate and silver nitrate. Repetition of the fluoride precipitation now left the 
plutonium in solution, while the carriers were precipitated as fluorides. The solution was 
again fumed down with sulfuric acid, whereupon the addition of hydrofluoric acid gave a 
precipitate of pure plutonium(IV) fluoride. I his procedure is worthy of note, a.s showing 
how a separation can be most simply efiected between plutonium and the adjacent elements, 
by taking advantage of specific differences in their behavior towards oxidizing and reducing 
agents. 

Plutonium tetrafluoride has a strong tendency to form double- or complex fluorides (fltioro 
salts), whereas the trifluoride has little tendency. Examples are NalPuF^], K[PuF5] and 
Rb[PuFj] (all isotypic with KfUFjJ). Plutonium does not form a fluoro salt corresponding 
to CufCeFj], (Anderson, 1949). In addition to the pentafluoro salts, there are other 
compounds of the type M'PujF,. 

PuF* forms anomalous mixed crystals with LaFa. Hence Pu’ ions can be co-precipi- 
tated with LaFj as well as with CeF4. It has been shown (Schlyter and Sillcn, 1930) by 
X-ray methods that CeF4 and UF, (containing cations very similar in radius to the Pw' + 
ion) form anomalous mixed crystals with LaFj also. 

(«■) Chlorides. Pluloniim Utrachloride, plutonium(IV) chloride, can only be obtained in 
solution. It is unstable in the solid state, although Pu«' in hydrochloric acid solution can 
very readily be oxidized to Pu*'. When solutions of Pu*'' in hydrochloric acid are evapo¬ 
rated, decomposition occurs, resulting cither in hydrolysis or—if hydrolysis is prevented—in 
the evolution of chlorine. Direct combination of plutonium with chlorine yields PuClj, 
which remains unchanged even when heated with liquid chlorine under pressure. Never¬ 
theless, PuClj volatilizes more readily in an atmosphere of chlorine than in a vacuum, and 
it may be inferred that although PUCI4 is unstable in the solid slate, it may exist at high 
temperatures (600-800®) in the gaseous state, in equilibrium with PuCls and CIj. 

Plutonium trichloride, PuClj, is formed not only by the direct combination of the elements, 
but also, e.g., by heating PuOj in a mixture of Hj and HCI, or in a stream of CCI4 or 
SjCl} vapor. The anhydrous compound is most simply prepared by evaporating a solution of 
plutonium(III) chloride to dryness, and dehydrating the resulting hydrate by heatingit in 
HCI gas. Solutions of the trichloride arc purple; the anhydrous compound is greenish blue. 
PuClj combines with water vapor to form hydrates with i, 3, and 6H2O. It reacts with 
NH, and with H,S at 800-1000®, forming PuN and PujS,, respectively. 

Plutonium oxychloride, PuOCl, is formed by heating PuCl, • 6 H ,0 in a scaled tube. It is 
greenish blue in color, like PuClj, from which it differs in being insoluble in water. It is 
dissolved by acids. 

(lii) Bromides. Plutonium tribromide, PuBr,, is obtained by methods similar to those used for 
PuClj, which it resembles in physical and chemical properties. It is hygroscopic, first forming 
the green hexahydrate PuBrj • GHjO, and ultimately deliquesces to yield a purple solution. 
PuBrj 'GHjO is isomorphous with PuClj • 6HjO and with NdClj * GH^O. 

An oxybromide, PuOBr, corresponding to the oxychloride PuOCl, has also been obtained. 
As with PUCI4, it is impossible to isolate PuBr4 in the solid state, although plutonium(IV) 
bromide can be obtained in aqueous solution. Plutonium{IV) bromide is reduced by HBr, 
even in aqueous solution, to give plutonium(III) brornide. 

PuBrj crystallizes in the orthorhombic system, and is isostructural with NdClj, SmBrj, 
Lalj, UIj, and Pulj. PuClj, however, forms hexagonal crystals {a ^ 7.380, c = 4.238 A), 
isostructural with the following halides: 


UClj 

PrCl, 

UBrj 

PrBrj 

7.428 

7.41 

7.926 

7.92 .K 

4.312 

4-25 

4-432 

4.38 A 


Additional data on the plutonium trihalides are given in Table 81 
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TABLE 81 

MELTING POINTS, HEATS OP FUSION, EVAPORATION AND SUBLIMATION, AND 

ENTROPIES OF FUSION OF PLUTONIUM TRIHALIDES 


Compound 

Melting 

point 

OC 

Heat of 
fusion 
kcal/mol 

Heat of 
evaporation 
kcal/mol 

Heat of 
sublimation 
kcal/mol 

Entropy of 
fusion 
cal/mol/® 

PuF, 

1170 

7-9 

88.7 

96.6 

5-5 

PuCI, 

760 

152 

57-6 

72.8 

14,7 

PuBr, 

680 

> 3-4 

56.5 

69.9 

14.0 


(d) Other Plutonium Salts 

(i) Plutonium{III) sails include both the salts of oxyacids and also the trihalides already 
considered. Properties of a few salts of oxyacids arc described below. The bright brown 
iodate, Pu(I03)j, is sparingly soluble. Plutonium(III) trichloroacetate, Pu(CCl3 • CO,), 
(pale red), is also slightly soluble in water, but soluble in acetone. Plutonium(ni) per¬ 
chlorate is very soluble, and the violet plutonium(III) oxalate and the sulfate are fairly 
soluble. The latter gives rise to complex salts, many of which are only slightly soluble, as 
indicated by the following examples (figures are solubilities in g of Pu per liter of solution): 

KPu(SO,), • oHjO KjPutSO,), RbPu(S04), • 4H,0 CsPu(SO,), • 4H,0 

(lavender) (almost colorless) (bright lavender) (bright lavender) 

4-8 0.54 0.50 0.34 


NH,Pu(S 04 ), • 4H,0 
(light blue) 

1.30 

(it) Plulomum(IV) Salts. The nitraU is noteworthy among the plutomum(IV) salts, be¬ 
cause of its marked tendency to form nitrato complexes, since such complex formation is, 
in general, rather uncommon. According to Hindman (1944), the ions present in aqueous 
solutions of plutonium(IV) nitrate include the complex anion [Pu(NO,),]= and the cation 
(Pu(N 0 ,)(H, 0 )*] + ++. The hexanitrato salt (NH4),[Pu(NO,),] is isomorphous with 
(NH4),[Ce(NO,)4] and (NHj),[Th(NO,),]. Plutonium{IV) chloride is present in the form 
of the complex ion [PuCl,J“ in plutonium(IV) solutions containing a sufficiently high 
concentration of Cl~ ions. According to Hindman, the ion [Pua,]+ is also present in 
^lutjon. In very dilute solutions, there is a weaker tendency to form complexes with the 

Bright yellow hexachloro salts, such as Cs,rPuCL] and 
[(CH3)4N],[PuCl4], can be crystallized from not too dilute solutions. 

PlutoniumilV) sulfate crystallizes from aqueous solution as the coral red to red brown 

tetrahydraie, Pu(S04), • 4H,0. The sulfates of uranium(IV), ccrium(IV), thorium and 

zirconium form similar tetrahydrates. Plulonium(IV) sulfate forms fairly sparinclv soluble 
double salts with the alkali sulfat«-M«4[Pu(S04),] • nH, 0 . These are green, and 
Correspond m composition to the alkali double sulfates formed by uraniuin(IV) cerium(IV) 

zirconium. Hydrolysb of the neutral sulfate yields the lieht ercv-CTcen 
Pu,0(S04), - 8 H, 0 —again paralleling the behavior of uranium, thorium, and zirconium 
which form corr«ponding basic salts. Gelatinous, almost colorless precipitates are obtained 
when phosphate 10ns are added to solutions of plutonium(IV) salts; these phosphates vary 

conditions of precipitation. Smith (19^) was abkto 
isolate the light brown compound Pu,(P04)4 - xH.O in the crystaUine s^^TthU was fLd 

of cerium(IV) and thorium. Like almost all pluto- 

con^demb^y increLd 

(Hi) Plutonyl salts, i.e., compounds of the general formula [PuOJX„ are far less stable 
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A ^ 4 • ^4 * ^ ir pro[)crfies. Soluble plutonyl 

salts are obtamed from solutions of piutonium(I\-) salts by ilu- action of strong oxidants 

such as ccrium(IV) salts, dichromate. warm permanganate, or eicctroivtic oxidation They 

can be isolated, and crystallize well, by the evaporation of the solutions. The sparingly 

soluble plutonyl salts are formed from the soluble salts by double decompositions Examples 

of plutonyl salts are the acetate. • 2H,0 and its double salt with sodium 

Na{Pu0,)(C,H30,)3, the readily soluble nitrate, 
[PuOJCNOj), • bHjO, and the colorless, gelatinous fluoride. (PuOj]Fj • xH^O. The last is 
slightly soluble in water, but dissolves in hydrofluoric acid, with the formation of complex 
ions. Addition of alkali fluoride to the pink solution so obtained yields pink double- or 
complex fluorides. Plutonyl hexacyanoferratc(III), (PuOj]3[Fe(CN)e]„ is obtained as a 
red-brown precipitate when [Fe(CN),] 9 - ions are added to a solution of plutonyl nitrate. 
The [PuO,]++ ion is reduced by [Fe(CN)e]«- ions, with the deposition of a black precipitate. 

5 * Americium (Am) 

In terms of Seaborg’s actinide theory, the place occupied by americium should 
make it the homologue of europium. Like europium, it is most stable in the tri¬ 
positive state, but can also function as diposiiive. Unlike europium, however, 
americium also forms compounds in which it exhibits valence states of +4, +5, 
and -f 6 like the preceding transuranic elements. However, the +4 state has not 
been detected in solution. 

Americium differs from uranium, neptunium, and plutonium in that it can 
exist in aqueous solution as a bivalent positive ion. Dipositive americium isformed 
by the action of strong reducing agents, such as sodium amalgam, on ameri- 
cium(III) compounds. AmSO* can be coprecipitated from solution with EuSO*. 

The special stability of the +3 state is well shown by the halides of amcricimn. 
Americium forms the trihalides under just the same conditions as furnish the 
tetr^alides of neptunium. For example, americium trifluoride, AmFa, is formed 
when AmO, is heated in a mixture of HF and 0 „ and the action of CGI < vapor on 
AmO, gives americium trichloride, AmCI,. The tribromidc, AmBr,, is formed by 
heating a mixture of AmO, and A 1 in bromine vapor (cf. NpBri), and the triiodide, 
Ami,, is formed similarly. It has not proved possible to prepare the tctrahalides 
of americium by other methods. Thus Fried (1951) found that no tetrafluoride 
could be made by heating AmF, in elementary fluoride to 500-700®. 

The americium halides are isostnictural with the trihalides of neptunium and 
plutonium. AmF, is light red, AmCl, and AmBr, are colorless, and Ami, is 
yellow. AmCl, sublimes at 850®, AmBr, between 850 and 900®, and Ami, at about 
900®. 

Americium is usually tripositive in other salts, as well as in the halides. In 
solution, the americium(ni) salts are red. Westrum and Eyring (1951) found the 
heat of formation of the Am"*^ ion from the reaction: 

Am -f 3HCI + aq. = Am+++ + 3C1“ + -f- aq. 

to be 160 kcal per mol (for 1.5 normal hydrochloric acid, at 25 ®C); corresponding 
figures for the heats of formation of some lanthanide ions are: La"*^ 167 kcal; 
for 166 kcal per mol. The heat of formation of the Am+'*'++ ion works out at 

about 112 kcal per g-ion. 

Americium docs not favor the +3 state in combination with oxygen. Although 



634 


TRANSURANIC ELEMENTS 


*4 


ammonia or sodium hydroxide precipitates the red, gelatinous hydroxide, 
Am(OH)3, from americium(III) salt solutions, the only anhydrous oxides are the 
monoxide AmO and the dioxide AmO,. The monoxide has the sodium chloride, 
structure (a = 4.95 A), and is thus isostructural with UO, NpO, and PuO. The 
dioxide, which has the fluorite structure (like UO„ NpO„ and PuO,) is formed 
when americium(III) hydroxide or nitrate is heated in air. It loses no oxygen 

when it is heated to 1000*. 

If the black dioxide is treated with dilute hydrochloric acid, gas is evolved, the solid 
swells, and is converted to a light red product which has not been identifled (possibly 
AmOCl). Thb gradually dissolves, to give a solution with the red color characteristic of 
amcricium(III) compounds. 

Am(OH), is soluble in concentrated K,CO,. If NaOCI is added to the solution, a dark 
precipitate is formed on warming; this is probably americium(IV)- or americium(V) 
hydroxide. It is converted into AmO, when it is ignited. 

Fried obtained the sulfide Am,S, (isostructural with La,S,) by heating AmO, to 
1400-1500'’ in a mixture of H,S and CS,. 

Like uranium, neptunium and plutonium, americium can also form compounds 
from the +5 and +6 valence states. However, the americium(V)- and araeri- 
cium(VI) compounds are less stable than the corresponding compounds of 
plutonium. The relationship between americium and uranium is therefore less 
pronounced than is the case with the two preceding transuranic elements. Except 
for their lower stability, the compounds of +5 and -f*6 americium are very similar 
in properties to the corresponding compounds of uranium. 

Anuriciunt{V) compounds can be obtained from americium(III) compounds by electrolytic 
oxidation. They are very unstable, but do not show such a strong tendency to undeigo 
disproportionation as do the plutonium(V) compounds, since the americium(VI) com¬ 
pounds are also rather unstable. However, Asprey, Stephanou and Penneman (195*) found 
that when a solution of americium(V) in 0.3-normal HCIO, was made 4-normal*with 
respect to HjSO,, disproportionation occurred (3Am'' -► Am™ -f- 2Am«), as shown by 
the change in absorption spectrum. Americium(III) salt solutions are characterized by 
absorption bands at 504 and 811 m/4; americium(V) salts absorb at 514 m/i and 714 
m/i; americium(VI) salt solutions have an intense narrow absorption band at 991-99210/1, 
and also absorb strongly in the ultraviolet. 

Asprey obtained pure americium(VI) salt solutions by oxidation of Am™, in hydro¬ 
chloric acid or perchloric acid solution, with ammonium peroxydisvdfate. The resulting 
solutions are pure yellow, and give no precipitate with F~ ions. Addition of sodium acetate 
yields tetrahedral crystals of sodium americyl acetate, Na[Am 0 J(C,H, 0 ,),; this b cubic 
(a = 10.6 A), and b bomorphous with the corresponding uranyl, neptunyl, and plutonyl 
double acetates. Americyl nitrate can be extracted from aqueous solution by means of ether, 
as can uranyl acetate. 

Metallic americium was first bolated by Westrum and Eyring (1951), by reduction 
of AmF, with metallic barium at i too®. It was prepared in quantities of 0.04 to 
0.2 mg, in small beryllia crucibles in a vacuum microfumacc. Americium is a 
silver-white ductile metal of density 11.7. It combines with hydrogen when gently 
warmed, forming americium hydride. 

It b possible to separate americium from the rare earths which are used as carriers during 
its preparation, by fractional precipitation of the fluorides, since AmF , b rather more soluble 
than the fluorides of the rare earth metab. A more convenient method of separation b based 
on the use of ion exchange resins. A hydrochloric acid solution containing americium and 
the rare earths, b passed slowly down a column packed with a suitable cation-exchange 
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resin, whereby the and rare earth ions arc taken up at the top of the column. Fhc 

column is then eluted with a weakly acid ammonium citrate solution (cf. p. 495); the 
first ions to be eluted arc those which form the most stable citrate complexes. The first 
fractions leaving the column contain lanthanum and cerium. .Americium is eluted next, 
followed by the other rare earths. 



Curium (Cm), Berkelium (Bk), and 



The transuranic elements ^Cm, jjBk, and ^gCf are formally the homologues of 
iftTb, and «eDy> or' present evidence show a chemical resemblance to 
these typical lanthanide elements. The separation of these elements from one 
another, and from the rare earth elements, is a matter of some difficulty. It must be 
effected by methods similar to those used for the separation of the rare earth 
elements, and in particular, by use of ion exchange columns. Work with curium, 
berkelium, and californium is further complicated by their very strong radio¬ 
activity. This leads to a ver>’ vigorous decomposition of their aqueous solutions, 
with the evolution of hydrogen and oxygen, and formation of considerable quanti¬ 
ties of hydrogen peroxide. It also limits severely the quantities of the elements that 
can conveniently be studied. 

Curium is tripositivc in all the compounds as yet prepared. In this it resembles the homolo¬ 
gous gadolinium (but see p.612). Solutions of curium salts are colorless and absorb only in 
the ultraviolet, as do gadolinium salts. From this, and from the magnetic behavior, it has 
been concluded that the Cm®+ ion has a configuration corresponding to that of the Gd*+ 
ion, i.e., 5/^, with the 5/lcvels just half-filled. 

Addition of ammonia to solutions of curium salts precipitates the hydroxide Cm(OH)3. 
Hydrofluoric acid similarly precipitates the insoluble fluoride, CmF,. The sesquioxide, 
CmjOs, is formed when the hydroxide is ignited in air. Unlike americium, no dioxide is 
formed, under these conditions at least. Metallic curium has been prepared by Crane. 

It has been reported, on the evidence of tracer experiments only, that berkelium, like its 
formal homologuc terbium, is normally tripositive but can be converted to the - 1-4 slate. 

Californium, on the evidence of tracer experiments, exists in the -f-3 state only. It closely 
follows rare earth carriers, and therefore gives the reactions typical of the rare earths. 


7. Einsteinom (E), Fermium (Fm), and Mendelevium (Mv) 

(a) Preparation 

From the discussion of nuclear stability and nuclear binding energies given on 
p. 591 it follows that the increasing probability of spontaneous fission sets a natural 
limit to the list of elements, but that all the elements of the 5/serics may be capable 
of existence. Their more stable isotopes are likely to be those of high mass number*. 
Extension of the Periodic Table beyond californium thus involves nuclear reac¬ 
tions whereby a large number of neutrons can be introduced into the nuclei 
successively formed. Two methods of doing so are possible, (i) By a succession of 
(n, y) reactions and ^-decay processes. The occurrence of x consecutive neutron 

• Thus Seaborg has predicted that the most suble isotope of element 102, with rrapcct 
to a-, 8 . or A^-decay processes should be *«I02 the lighter isotopes having much higher 
disintegration rates. In this case, the maximum stability towards sponuneous fission should 
be found for ‘•®I02, with a-half-life and spontaneous fission half life both about 1 hr. 
See G. T. Seaborg et d., J. Inorg. and Nuclear Chem., i (I 955 ) 3 - 
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capture processes depends upon the cross sections at each stage, and upon the 
power of the neutron concenti;ation; it can therefore be realised only in the most 
intense neutron flux, (ii) Corresponding to (a, n) or (a, p) reactions, the highly 
accelerated nuclei of carbon, nitrogen etc. (i.e. etc.) can be used to 

\ e rrt ts in the cyclotron. Complex nuclear reactions can be 
tliereby brought about, whereby large changes in nuclear mass and charge are 
produced. E.g. 


+ «*N 


^ **?Bk + a + 5n 
^ E + 5 n 


etc. 


Isotopes of the elements 99E, looEni and ioiMv have now been prepared by both 
these methods. Thus in the very intense neutron flux of the USAEC Materials 
Testing Reactor, the californium isotope *«*Cf is built up from or*’*Pu, and 
undergoes the further sequence of reactions: 


*«Cf (n. y) - »”Cf /? (20 d) ^ «’E (n, y) *«E ^ (36 hr) ^ »«Fm a (3.2 hr) 
“Cf a (12 y) *'*Cm etc. (cf. Table 82). 


(b) Chemical Properties 

Chemical identification of elements 99, 100 and loi turns upon their conformity 
with the actinide hypothesis, and the analogy that can therefore be drawn between 
their reactions and those of the corresponding lanthanide elements. Owing to 
their short half lives and their mode of formation, it has hitherto been possible to 
obtain only very few atoms at any one time. Their chemical properties have there¬ 
fore been investigated on ‘weightless’ samples, at extreme dilution. 

Coprecipitation reactions indicate that all three elements exist in solution as 
trivalent ions. In accordance with the trend of oxidation potentials in the actinide 
series, there is no evidence that Cf, E, Fm or (presumably) Mv can be raised to 
any higher valence state in aqueous solution. The fluorides EF„ FmF, and MvFj 
are coprecipitated with LaF, under conditions that afford quantitative precipi¬ 
tation of the heavier rare earth elements. 

On cation exchange columns, using ammonium citrate or lactate as eluant, the 
elements are sharply separated from each other and from the preceding actinides, 
m the sequence of decreasing atomic number. Differences in th\ stability of co¬ 
ordination complexes of adjacent elements diminishes with rise in the atomic 
number (just as in the lanthanide series), so that separations are less effective using 

amon exchange resins, or using concentrated hydrochloric acid as eluant on cation 
exchange resins. 


8 . Radioactive Disintegration Series of the Transoranic 

Elements 


(a) Characteristics of the Dec^ay Series 

^ has been discussed, the heaviest of the naturally occurring unstable elements 
each give rise to long radioactive disintegration series. The same is true of the 
transuranic elements, and all the disintegration series starting from the tmnsurardc 
elements merge into those of the natural radioelements. After a certain number of 
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transformations, it is found in every case that the decay products of the transuranic 
elements consist of nuclear species which are found also in the natural radioactive 
disintegration series. The subsequent course of their decay therefore follows the 
same course as that of the natural radioelements. 

Radioactive disintegration of the heavy elements is always attended with either 
a decrease in mass number of 4 units (a-decay), or with no change in mass 
number (/ 9 -decay, K electron capture). Hence the mass numbers of all the 
members of any one series can be represented by a common formula. The isotope 
of thorium which heads the thorium decay series has the mass number 232. This 
is a multiple of 4, so that all the subsequent members of this decay series must have 
mass numbers which are whole number multiples of 4—i.e., all members of the 
thorium series have mass numbers of the form 40, where n is a whole number. 
Similarly, the elements of the uranium-radium series have mass numbers of the 
form 4n + 2, and those of the actinium series have the form 40 + 3. 

(b) Neptunium Decay Series 

There is also a disintegration series characterized by mass numbers of the form 
4n -f I. This is also known as the neptunium series, after its longest-lived member, 
the neptunium isotope *”Np. Since this does occur in Nature (although in very- 
minute amounts), the neptunium decay series is also one of the natural decay 
scries. It consists entirely of nuclear species which do not occur in the other, more 
abundant, decay series which have been identified from the study of nuclear 
reactions. The stable end product of the neptunium disintegration series is bismuth. 
In this, the neptunium series diflfers notably from the three other natural decay 
series, in each of which the stable end product is an isotope of lead. 


(c) Decay Series of the Other Transuranic Elements 

Table 82 shows how the various nuclear species of the transuranic elements fit into the 
natural disintegration series. Disintegration of transuranic nuclides with mass numbers of 
the form A/ = 40 invariably leads, eventually, to nuclear species belonging to the thorium 
decay series (40 series). Similarly, transuranic nuclides with Ai = 40 -|- i finally yield 
members of the neptunium decay series (4n -h i series); those with A/ = 40 -|- 2 terminate 
in the uranium decay series (40 -|- 2 series), and those with Af = 40 -f 3 terminate in the 
actinium series (40 -|- 3 series). 

Among the decay products of *®Pu, a member of the 40 series, there is a radioactive inert 
gas***Em, isotopic with radon and thorium emanation. No emanation is found in the direct 
line of the neptunium series, although such a daughter product is formed by branching, as a 
decay product of***U.This uranium isotope does not occur in Nature, and can be obtained 
only by nuclear transformations. Among the decay products of *”Pu there is also an ema¬ 
nation (*‘*Em); with this nuclide the disintegration series commencing with 2 ®*Pu merges 
into the natural uranium-radium series. There is thus a second emanation in the uranium- 
radium series. Merging into the uranium-radium decay scries, in addition to the disinte¬ 
gration series beginning with the transuranic elements, is yet another decay chain consisting 
oCthe daughter products of the decay of an artificially produced isotope of protactinium 



a 


1.5 mm 


***Ac 


short 


97* ‘ 


V. short 


‘JJAt 


V. short 


» 0 RaE 


RaF, formed in the natural decay scries from RaE, is also produced by the decay of an 
artificially formed isotope of astatine, 


*J|At 


K capture 
8.3 hrs 


»‘JRaF. 
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TABLE 82 (continued) 



TRANSURANIC ELEMENTS 
TABLE 82 (continued) 


OIOACTIVE DISINTEGRATION SERIES OP T HE TRANSURANIC ELEMENTS 

40 + 2 DISINTEGRATION SERIES 


«*Fm 


*«Fm 


IME 


3.2 h 


t»cf 


a 30 mm 

««Cf 


uoBk 


<^.'5 a 12 yrs 


a 35 ^ 


*“Cm 




“•Am 


ah 


«ipu 

a 5 • 10* 
yrs 


*«Cm 


«»Am 


a 162.5 d 


«‘Pu 


*“Pu 


»«Np 


0. 1% 


myi *«UII 

a 4 - 5 * *0* 
yn ‘“UX, 

***UX, Uranium- 

radium 

decay 

series 


»»*Pa 


»i«u 


a 20.8 d 


»*«Tb 


a 30.9 min 


“•Ra 


38 «c 


“'Em 


Uranium- 


83 


I 
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TABLE 82 (continued) 


RADIOACTIVE DISINTEGRATION SERIES OF THE TRANSURANIC F.LEMENTS 
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642 


In this connection it may bo noticed that RaE docs not disintegrate to give RaF (polonium) 
as exclusive product, but that a very small proportion of disintegrations (0.00005/o) is 
transformed by way of a short*Hved thallium isotope into RaG (uranium lead). 


210R3E — 
5 


>“RaG(Pb). 

4.2 mm 
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CHAPTER 15 


DISTRIBUTION OF THE ELEMENTS; 

GEOCHEMISTRY 

1. Composition of the Earth’s Crust 

There are very wide differences between the amounts of the various chemical 
elements present in the earth’s crust, [/-j] as will already have become apparent 
from the discussions of the elements in the foregoing chapters. Table 84 shows the 
proportions in which the elements are present (by weight) in the earth’s crust. 
The ‘earth’s crust’ is taken as including the rocky crust of the earth down to a 
depth of 16 km below the surface, together with the oceanic and inland masses of 
water, and the enveloping air. The latter is the atmosphere, the sum total of the 
water masses make up the hydrosphere, and the rocky crust is the lithosphere. 

The lithosphere comprises 93.06% by weight of the earth’s crust (down to 16 km), the 
hydrosphere 6.91%, and the atmosphere 0.03%. 

The rocks of the lithosphere are of varied composition, but according to F. W. Clarke, a 
representative petrological analysis would be 95% igneous rocks, 4.0% schists, 0.75%' 
sandstones, and 0.25% limestones.* 

The composition of the hydrosphere is determined chiefly by the composition of the 
oceans. [6] V. M. Goldschmidt (1924) gives the figures, in weight per cent, collected in 
Table 83. 


TABLE 83 




COMPOSITION 

OF SEA WATER 



Oxygen 

85-89% 

Nitrogen 

1.7 • io-»% 

Selenium 

I • io-^% 

Hydrogen 

10.82% 

Rubidium 

2 ' IO-»% 

Thorium 

5 • »o-»% 

Chlorine 

1.898% 

Lithium 

1.2 • 10“‘% 

Molybdenum 

5 • >o-*% 

Sodium 

> 056% 

Aluminum 

% 

0 

1 

0^ 

Cerium 

4 * ' 0 '*% 

Magnesium 

0.127% 

Phosphorus 

5 • *o'*% 

Silver 

3 • «o-»% 

Sulfur 

0.088% 

Iodine 

5 • to-*% 

Vanadium 

3 • «o-»% 

Calcium 

0.040% 

Arsenic 

1.5 • io-*% 

Lanthanum 

3 • JO-»% 

Potassium 

0.038% 

Barium 

I • io-‘% 

Yttrium 

3 • »o-»% 

Bromine 

6.5 • io-»% 

Zinc 

5 • «o-»% 

Copper 

2 • iO'»% 

Carbon 

2.8 • IO-*% 

Manganese 

5 • «o-'% 

Nickel 

1 • io-»% 

Strontium 

*•3 • > 0 '*% 

Lead 

4 * *0-’% 

Scandium 

4 • *o-*% 

Boron 

4-8 • io-«% 

Iron 

2 • 10-’% 

Mercury 

3 • io-»% 

Silicon 

2.0 ■ IO“*% 

Cesium 

2 • io-»% 

Gold 

4 - •0-“'% 

Fluorine 

1.4- IO-*% 

Uranium 

1 

0 

Radium 

7 • >0-“% 


♦ There is inevitably some arbitrariness in deciding what constitutes a representative 
rock sample of the earth’s crust. Furthermore, analyses for many of the minor elements in 
silicate rocks are relatively few in number, and—because of analytical difficulties—not all 
equally reliable. Differences in assessing such factors lead to discrepancies between tables 
of abundance as drawn up by different authorities. 
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TABLE 84 

RELATIVE ABUNDANCE OF THE CHEMICAL ELEMENTS 

[Composition of the earth’s crust, including hydrosphere and 

lithosphere, in weight per cent.] 


1. Oxygen 

48.6% 


47. Arsenic 

5 • »o-‘% 

2. Silicon 

26.3% 


48. Hafnium 

4.5 • ro-*% 

3. Aluminum 

7 - 73 % 


49. Dysprosium 

4.5 • 10-*% 

4. Iron 

4 - 75 % 


50. Uranium 

4 * ‘ 0 "*% 

5. Calcium 

3 - 45 % 


51. Argon 

3.6 • io-‘% 

6. Sodium 

2.74% 

99 - 47 % 

52. Cesium 

3.2 • 10-*% 

7. Potassium 

2.47% 

53. Ytterbium 

2.7 • lO-*% 

8. Magnesium 

2.00% 


54. Erbium 

2.5 • 10-*% 

9. Hydrogen 

0.76% 


55. Bromine 

2.5 • IO-*% 

to. Titanium 

0.42% 


56. Tantalum 

2 ■ ro-‘% 

II. Chlorine 

0.14% 


57. Holmium 

1.1 • io-*% 

12. Phosphorus 

0.11 % 


58. Europium 

1 • 10-*% 

13. Carbon 

0.087% 


59. Antimony 

1 • 10“*% 

14. Manganese 

0.085% 


60. Terbium 

9 • io-‘% 

15. Fluorine 

0.072% 


61. Lutetium 

7-5 • »<>■*% 

16. Sulfur 

0.048% 


62. Mercury 

5 • I0'»% 

17. Barium 

0.040% 


63. Thallium 

3 • io-‘% 

18. Nitrogen 

0.030% 

0.47% 

64. Iodine 

3 • «o-‘% 

19. Rubidium 

0.028% 

65. Thulium 

2 • I0-‘% 

20. Zirconium 

0.020% 


66. Bismuth 

2 • I0“»% 

21. Chromium 

0.018% 


67. Cadmium 

1.8 • io-‘% 

22. Strontium 

0.015% 


68. Indium 

1 • IO-‘% 

23. Vanadium 

0.015% 


69. Silver 

I • IO-*% 

24. Nickel 

0.010% 


70. Selenium 

9 • io-‘% 

25. Zinc 

o.oo8®o 


71. Palladium 

1 • io-*% 

26. Copper 

0.007% 


72. Platinum 

5 • io-»% 

27. Lithium 

0.0065% 


73. Neon 

5 • »o-*% 

28. Cerium 

0.004% 


74. Gold 

5 ' »o-'% 

29. Tin 

0.004% 


75. Helium 

3 • to-’% 

30. Cobalt 

0.004% 


76. Tellurium 

2 • io-’% 

31. Yttrium 

0.0028% 

0.05% 

77. Iridium 

1 • IO-»% 

32. Neodymium 

0.0024% 

78. Rhodium 

I • io-’% 

33. Niobium 

0.002% 


79. Ruthenium 

I • IO~»% 

34. Lanthanum 

0.0018% 


80. Osmium 

1 • I0-’%? 

35. Lead 

0.0016% 

1 

81. Rhenium 

I • I 0 “’%? 

36. Thorium 

0.0015% 


82. Krypton 

2 • I 0 -*% 

37. Gallium 

0.0015% 


83. Xenon 

2.4 • io-»% 

38. Boron 

0.001% 


84. Radium 

1.3 • io->«% 

39. Tungsten 

0.001%? 


85. Protactinium 

8 ■ io-“% 

40. Molybdenum 

7-5 • io-»% 


86. Actinium 

3 • 

41. Germanium 

7 • io-‘% 


87. Polonium 

3 • 10-“% 

42. Samarium 

6.5 • io-*% 


88. Radon 

6 • io~**% 

43. Gadolinium 

44. Beryllium 

6.5 • I0-*% 

6 • io-*% 


89. Neptunium 

90. Plutonium 

4 • *o-«% 
2 • io~^*% 

45. Praseodymium 

5.5 • IO-*% 


91. Francium 

7 • IO-“% 
4* io-»»% 

46. Scandium 

5 • io-*% 


92. Astatine 


At the earth’s surface, the atmosphere has anaverage water vapor contcntofo.27%*,and 
conuins 75 - 3 *% nitrogen, aa.95% oxygen, 1.43% inert gases and 0.03 to o.04®/o carbon' 

* All percent^es are by weight. 
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dioxide. The water s’apor content can vary over wide limits, according to the t<‘nipiTature 
and other conditions (at o' the atmosphere would be saturated with o.48"o by weight of 
water vapor, whereas at 40 it could take tip 5.82 but the composition of the atmos¬ 
phere is remarkably uniform with respect to the main constituents. This is priinarilv 
due to the effects of atmospheric turbulence. The composition should, in thcor>'. change 
with altitude. The carbon dioxide content and water vapor content do. indeed, fail off 
with height, and above 12 km the water content has fallen practically to zero. It has been 
found that the temperature of the atmosphere falls off with altitude, up to a height of 
about 12 km. at which it is —54 then remains uniform at greater heighes. Whereas 

the temperature gradients in the lovver atmosphere or iropofphere cause eflicient mixing, it 
was thought that the uniform temperature of the slralosphfre indicated the absence of turbu¬ 
lence. Under such conditions, the partial pressures of the atmospheric gases should fall 
off inversely as their densities, and at 100 km it would be expected that helium would be¬ 
come a major constituent. This expectation has not been realized. .•Analyses of air samples 
from altitudes up to 70 km do not differ much from those of air at sea level, although the 
relative proportions of the inert gases begin to change in the expected direction in samples 
of air collected above 60 km.* 


The density of the air diminishes rapidly with increasing altitude, apart from any effects 
in changes of composition.** The weight of the atmosphere above too km is therefore 
vanishingly small compared with the total weight. The presence of a tenuous atmosphere at 
altitudes greater than 200 km is evidenced by the luminosity of meteorites, heated by fric¬ 
tion as they enter the atmosphere at such altitudes, and also by the occurrence of ionized 
oxygen and nitrogen (ionized by absorption of very short wavelength ultraviolet radiation 
from the sun), which are of importance for the transmission of radio waves. 


It is evident from Table 84 that by far the greatest proportion by weight of the 
earth’s crust is made up of a small number of elements. Almost half the earth’s 
crust, by weight, is oxygen, and over a quarter is silicon. The 12 most abundant 
elements together make up 99.5% by weight of the whole, i.e., the remaining 
80 elements amount to only 5 parts per thousand by weight. VVhen the next 
fourteen elements are allowed for, the rest constitute only 5 parts in ten thousand. 
The 53 elements following tungsten in Table 84—i.e., 58% of all the elements 
occurring in Nature—amount to only one ten thousandth of the weight of the 
earth’s crust. 

It is also noteworthy that certain elements which are commonly considered to 
be rare, arc actually relatively abundant. This is especially true of titanium, and 
also of zirconium and vanadium. Even the elements of the rare earths actually 
make up a larger fraction of the earth’s crust than do many of the heavy metals 
which are generally regarded as ‘common’—e.g., bismuth, mercury, cadmium 
and antimony. Titanium is, indeed, one of the most widely distributed of all the 
elements, roughly equalling (by weight) the total of the 80 elements following 
phosphorus in the table. 

It is instructive to examine the relative abundance in terms of relative numbers of atoms 
of each element. (Table 85). Oxygen and silicon are still the most abundant, but hydrogen 
then occupies the third place. Carbon and nitrogen also move up in the sequence, while 
iron drops back to seventh place, below sodium and calcium. It is noteworthy that titanium 
retains its importance in this mode of presenting the data. 

Table 85 gives the 17 most abundant elements, with their proportions in the earth’s 
crust expressed in atom-per cent. Not only are these the most abundant elements, but 
(except for titanium) they are also the most important for human life. The table lists all the 

• Sec Paneth, J. Chem. Soe. (1952) 3651, Glueckauf, Compendium of Meteorology, American 
Meteorological Society (1951). 

•* The total atmospheric pressure should be approx. 0.001 mm at 100 km, if no change 
in composition takes place. 
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TABLE 85 

RELATIVE ABUNDANCE OF THE MOST WIDE-SPREAD ELEMENTS 




Atoms of clement 

Proportion in 


Element 

per 100 atoms of 

earth’s crust. 



silicon 

in atom-% 

I. 

Oxygen 

296 

53-8 

atom-% 

2 . 

Silicon 

100 

18.2 

atom-% 

3 - 

Hydrogen 

74 

' 3-5 

atom-% 

4 - 

Aluminum 

305 

5-55 

atom-% 

5 * 

Sodium 

12.4 

2.26 

atom-% 

6 . 

Calcium 

9.2 

1.67 

atom-% 

7 - 

Iron 

91 

1.64 

atom-% 

8. 

Magnesium 

8.8 

1.60 

alom-% 

9 - 

Potassium 

4.4 

0.80 

atom-% 

10. 

Titanium 

0.9 

0.16 

atom-% 

11. 

Phosphorus 

0.38 

0.07 

atom-% 

12. 

Chlorine 

0.30 

0.054 

atom-% 

13 - 

Carbon 

0.27 

0.048 

atom-% 

14. 

Manganese 

0.18 

0.032 

atom-% 

> 5 - 

Nitrogen 

0.16 

0.027 

atom-% 

16. 

Sulfur 

0.16 

0.027 

atom-% 

' 7 - 

Fluorine 

0.14 

0.025 

atom-% 


elements which are essential for living organisms—C, O, H, N, K, Ca, Mg, Fc, P and S— 
without which vegetable or animal life could not exist.* 

The 17 elements listed in Table 85 make up 99.9 atom percent of the earth’s crust. 


2. Distribadon and Accessibility of the Elements 

Many elements such as titanium, zirconium, and vanadium arc commonly 
thought of as rare, although they make up a relatively considerable proportion of 
the earth’s crust. Such metals as lead, tin, bismuth, antimony or mercury, on the 
other hand, are not looked upon as rare, even though these five metals together 
represent (in terms of our present knowledge) a smaller amount by weight than 
vanadium alone. This is because the metals of common use are highly concentrated 
in certain ore deposits, and are therefore accessible, whereas it is relatively un¬ 
common to find titanium, zirconium or vanadium in concentrated form, and in 
large quantities. These latter are present in small amounts in almost all rocks, with 
the result that the total quantity present in dispersed form greatly exceeds the 
amount of metals which arc largely concentrated in ore deposits. 

The fact that many metals are found largely in ore deposits, in highly concentrated, but 
very localized form, causes some difficulty in comparing their abundance with that of ele¬ 
ments which arc widely dispersed in small concentrations as constituents of the rock- 
forming minerals. The distribution of the rock-forming minerals, and the abundance of the 

• These are the elements which are concerned in the structures of living tissues and in 
the main reactive systems of living organisms (c.g., magnesitim in the chlorophyll of the 
photosynthetic system in plants). It is true that other elements which arc present in very 
small amounts, such as cobalt, may be quite essential for life. Their role in enzyme systems 
or in other complex reacting systems in the living cell may be out of all proportion to the 
total amount present. 
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elements contained in them (including the rare elemcnisK are fairly well known.* On the 
other hand, the number and the extent of the ore deposits can only roughly be guessed. For 
this reason the relative abundance of those elements which arc not ordinarily present iri 
detectable amounts in the igneous rocks can only be estimated with some uncertainty. Th< 
figures given in Table 84 for these ‘ore forming’ elements are therefore not as reliable a' 
those for the ‘rock forming’ elements. This is particularly true for the rarest metals, such as 
silver, mercury, bismuth, and gold. The discovery of a single major ore deposit could, in 
some of these cases, change the figure to be assigned for the abundance. By contrast, the 
values assigned to the abundances of the principal rock-forming elements today differ \ er>’ 
little from those which were calculated by F. W. Clarke in 1916. 

Whereas many metals are found in quantity only in a few ore deposits, most (if not all) 
the elements arc also present in minute concentrations in the rock-forming minerals. When 
this is so, this disperse occurrence, which was overlooked until relatively recently, is actually 
the most important consideration in assessing the average concentration of such elements 
in the earth’s crust. Thus it was formerly assumed, on the basis of the occurrence of actual 
zinc ores and minerals, that the zinc content of the earth’s crust amounted to about 0.005%. 
As was first p>ointed out by Noddack, zinc is present in traces in igneous rocks; the best 
figure for the zinc content of igneous rocks was given by Noddack as about o.o2"u, but is 
now considered to be rather lower. Since the igneous rocks make up about 88.4% of the 
mass of the crust (including the hydrosphere and the atmosphere), the total amount of 
zinc present at this low concentration considerably outweighs the quantity present as zinc 
minerals in ore deposits. The abundance of the platinum metals is still more strongly in¬ 
fluenced by taking account of their occurrence in minimal amounts in ultrabasic rocks** 
(e.g., olivine rocks) and in fairly widely distributed ores, such as chromite and molyb¬ 
denite. Noddack has estimated that this mode of occurrence increases the abundance of 
ruthenium by a factor of about 50,000, of rhodium by about 6000, of osmium by about 
1000, and of palladium and platinum by more than too, as compared with the abundance 
calculated from the occurrence of these elements in ore deposits. 

For elements such as these, which are rare in the absolute sense, but which are 
found in very low concentrations in many rocks, the abundance data depend upon 
the accuracy with which these very low concentrations can be determined. It 
follows that the accepted values for the abundance of these elements have changed 
considerably during recent years, whereas the data for the abundant elements 
have remained substantially unchanged. In many cases, the relative abundances 
within a certain group of elements is known with considerably greater precision 
than their absolute proportion in the composition of the earth’s crust. This is true 
of the lanthanide elements, for example {sec below). According to V. M. Gold¬ 
schmidt (1937), the relative amounts of the following noble metals can be taken as 
established: Rh : Ir : Pd : Pt : Ag : Au = i : 1 : 10 : 5 ; 100 : 5. Their abso¬ 
lute concentrations in the earth’s crust are, however, probably right only in order 
of magnitude. 

From recent work, the proportions Pb : Th*: U in the earth’s crust are as 
I : 0.584 ; 0.156. 

Even for the industrially useful metals, which are found in enormous quantities 
in ore deposits, the amounts so segregated are vanishingly small as compared with 
the total content of the thin layer of the earth’s crust which could readily be mined. 
This is shown in Table 86, which sets out the world’s ore reserves of certain metals, 
as recognized in 1930J with their annual consumption. It is obvious that new 

* Knowledge of the minor constituents of silicate minerals is still fragmentary. Analyses 
of silicates have not often been extended to include the rarer of the elements that commonly 
form sulfide ores, for example, and such determinations are very difficult analytically. 

•* For example, G. Berg- (1929) estimated the abundance of the platinum metals (in g 
per ton) as Ru 3.6 ♦ lO”’, Rh lo”*, Pd 6 • io"‘, Os 9 • io“*, Ir 5 • io“*, Pt 1.2 • 10 *. 
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deposits must continually be discovered, since the reserves of certain metals would 
otlierw’ise already have been exhausted. No doubt many extensive ore deposits will 
also be discovered in the future. However, even if it be supposed that the figures 
for the world’s resources should be multiplied tenfold or a hundredfold, the con¬ 
tents of the ore deposits remain very small as compared with the total quantities 
of these metals in the earth’s crust. The ratio is shown in the last column of the 
Table. That proportion of the metal which is distributed throughout the rocks of 
the earth’s crust, and not segregated in ore deposits, is known as the dispersed 
amount. As the rich ore deposits are exhausted, so the dispersed portion of our 
resources will become increasingly important for the technical extraction of the 
metals. Even at the present time, methods (e.g., flotation) for the enrichment of 
low-grade ores play a decisively important part in the extraction of many metals 
(e.g., copper). The last column of Table 86 shows no very wide variations between 
the elements as to the proportion found concentrated in ore deposits. In general, 
the greater the abundance of any metal in the earth’s crust, the larger will be the 
(juaniity of that metal found in the form of workable ores. 


TABLE 86 

ruE world’s resources of some metals in ore deposits 

(after I. and W. Noddack, 1930) 


• « 

Metal 

1 

1 World resources 
in ore deposits 

' World consump- 

1 tion. 193a 

1 

1 

1 

Total quantity 
in I km layer 
of earth’s crust 

Ratio 

Amount of ore deposits: 

1 Amount in earth’s crust 

Fc 

1 

1 

1 

• 

0 

1 

0.08 • JO* l 

f 1.3 • io‘* t 

1 

5.6 • IO“* 

Mn 

460 • lO* t 

2.0 • 10* t 

2.2 • 10** t 

2.1 • 10”* 

Cr 

1.5 • 10* t 

0.17 • 10* t 

! 9.2 • 10^* t 

1.6 • io~* 

Ni 

51 • 10* t 

0.055 ■ >0* ^ 

5.0 • io‘* t 

1.0 • I0"‘ 

Cu 

93 *10*1 

1.35 • 10* t 

2.8 • io‘* t 

3.3 • IO-* 

Zn 

26 • lO* t 

1.40 • 10* t 

5.6 • 10** t 

4.6 • I0-’ 

Pb 

13 • lO* t 

1.63 • lO* t 

2.3 • 10“ t 

5-7 ■ 

Sn i 

5.6 • 10* t 

0.18 • lO* t 

1.7 • lO** t 

1 

3.3 • IO“* 


Closely related to the average content of the various elements in the earth’s 
crust is their occurrence in particular minerals, of which they form essential 
constituents. In general, those elements that are most abundant also form the 
largest number of minerals. The number of minerals characterized by different 
chemical composition can be only arbitrarily defined. W. and I. Noddack recog¬ 
nize 1800 mineral species, of which 1097 (61%) contain oxygen as an essential 
constituent, followed by silicon {21%), iron (20%), sulfur (19.8%) and aluminum 
(• 7 %) as the elements forming the largest numbers of distinctive mineral species. 
Rarer elements, such as beryllium, chromium, zirconium, tin, niobium, tantalum, 
molybdenum, tungsten, form far fewer minerals (less than 20 in each case). Rare 
elements, such as scandium, germanium, ruthenium and palladium each form 
only one or two compounds that exist as minerals, whereas no minerals at all are 
known of gallium, indium, rhodium or rhenium. However, the parallelism be¬ 
tween abundance and proneness to form minerals is not complete, and is to some 
extent illusory. Thus silver is no more abundant than some of the elements that 
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form no niinerals of their own, yet at least 71 different silver minerals are known. 
In many cases the number of known minerals is small in proportion to the abun¬ 
dance of an element because, in the process of mineral formation, it has for the 
most part been incorporated isomorphously in the minerals of a more abundant 
element. This may result in the existence of no distinctive minerals of elements 
which are not really rare. For example, there are no known minerals of rubidium 
or hafnium, .ihluiugh the former is much more abundant, and the latter as 
abundant, as beryllium, which forms 20 minerals. There are, however, many 
minerals containin'; rubidium or hafnium in isomorphous substitution. 


3. Regularities in the Abundance of the Elements; 

Harkins’ Rule 

It is evident from T.ible 84 that the most abundant elements are principally 
those of the first series in the Periodic Table, while the rarest elements are chiefly 
from the last period of the Periodic System—i.e., the most abundant elements on 
earth are those of lowest atomic weight. Furthermore, the non-metals and light 
metals are more important in the earth’s crust than the heavy metals. Thus the 
12 most abundant elements in Table 84 comprise 5 non-metals, 6 light metals, 
and only i heavy metal (iron). This generalization is still more marked when the 
relative numbers of atoms are compared, instead of weight percentages. 9 of the first 
17 elements, on this basis, are non-metals. 

In 1917, W. D. Harkins drew attention to the rule that, in general, the elements, 
of odd atomic number are rarer than the adjacent elements of even atomic number. In Fig. 83 
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Fig. 83. Relation between the abundance of the elements and their atomic numbers 
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the atomic percentages of fhe elements are plotted (on a logarithmic scale) against 
the atomic numbers, showing the applicability of Harkins’ rule to the composition 
of the earth’s crust. It is clear that (with a few exceptions, such as the inert gases 
where special factors apply), the troughs correspond to the elements of odd atomic 
number, and the peaks to elements of even atomic number. 

V. M. Goldschmidt has shown that the relative abundances of the rare earth metals 
provide a particularly striking illustration of Harkins’ rule. The particular significance of 
this lies in that the very close chemical relationship between the rare earths ensures that 
they have behaved similarly in geochemical and mineral forming processes. The relative 
abundances as found should thus provide a true measure of the relative amounts of the 
rare earth elements in the earth’s substance. Fig. 84 shows the relative abundance of lan¬ 
thanum and the succeeding elements, ex¬ 
pressed as number of atoms per too atoms of 
yttrium. The line joining up the points is a 
well defined zig-zag, with the elements of even 
atomic number at the peaks in every case. 

There are several obvious exceptions 
to Harkins’ rule—e.g., the inert gases. 
The points corresponding to these are 
ringed around in Fig. 83. Although of 
even atomic number, they are decidcly 
rarer than the adjacent elements*. 

The low concentration of inert gases 
in the atmosphere is to be explairfed, 
according to P. Harteck [Angew. Chem. 
63 (*95*) *]> by the action of highly 
ionized atoms shot out by solar prominences. These continuously ‘tap off’ a 
portion of the earth’s atmosphere. Certain gases—e.g., oxygen, nitrogen, hydro¬ 
gen—are continuously supplied to the atmosphere in amounts that balance the 
loss, but the effect has been to deplete the atmosphere steadily of the other gases 
throughout the earth’s history. 

The particles emitted from the sun are chiefly protons, and also helium nuclei. 
Some of these reach the vicinity of the earth, and enter the earth’s atmosphere 
with velocities of 1000 to 1500 km per sec., the density of such particles being about 
10* to 10* particles per cm*. These velocities arc so high that a considerable 
number of molecules (or atoms) in the earth’s atmosphere, which suffer collision 
with these fast protons, may receive sufficient kinetic energy to escape from the 
earth’s gravitational held. Close to the earth’s surface, the kinetic energy needed 
for any massive particle to escape from the earth’s gravitational field corresponds 
to a velocity of 11.5 km per second. In the upper levels of the atmosphere, the 
velocity required for escape into space is correspondingly less. As follows from the 
Maxwell distribution law (Chap. 17), only an infinitesimal fraction of the mole¬ 
cules in the earth s atmosphere will have the requisite velocity at ordinary temper¬ 
ature. Hydrogen atoms provide the only exception to this statement, and since all 

• The other exceptions are probably due to the fact that Fig. 83 represents the propor- 
tiom of the elements in the crust of the earth, and not in the whole earth, or in a represen¬ 
tative sample of cosmic matter. As determined from the average composition of meteorites, 
the abundances of Be (at. no. = 4), Mg (at. no. = 12) and S (at. no. = t6) no longer 
present exceptions to Harkins’ rule. 
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Fig. 84. Relative abundance of rare earth 
elements (according to Goldschmidt) 
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gases exist predominantly in the atomic state in the upper regions of the atmo¬ 
sphere, it follows that hydrogen must continuously escape from the earth’s atmo¬ 
sphere, even without any transport ofenergy from the solar prominences. The effect 
of this transport of energy is to increase the fraction of hydrogen escaping from tlie 
atmosphere and also to make possible the escape of heavier atoms from the upper 
levels of the atmosphere, out of the earth’s gravitational field. Hydrogen atoms 
and oxygen atoms are continuously supplied to the upper atmosphere by the 
photochemical decomposition of water vapor (cf. p. 645). Nitrogen must also be 
supplied to the atmosphere by the decomposition of nitrogen compounds at the 
earth’s surface, in at least the same measure as it escapes from the atmosphere. The 
situation of the inert gases is different, however. There is practically no source of 
supply of neon, krypton, and xenon. It is true that small quantities of krypton and 
xenon must enter the atmosphere from the products of spontaneous fission of 
uranium, but spontaneous fission is such a slow process that the amounts cannot 
balance the losses of these gases by escape into space; at the most, it may have led 
to some change in the isotopic composition of these elements. Far more argon 
must also have escaped from the atmosphere during the earth’s history than has 
been formed by radioactive decay of although the production of *°A from 
potassium explains the predominance of this isotope over the other argon isotopes 
at the present time. Next to hydrogen, helium is the element which is most strongly 
tapped off from the atmosphere through the action of protons from the sun. For 
this reason helium is present only in very small amount in the earth’s atmosphere, 
although it is so abundant in the sun and the stars. V. M. Goldschmidt (1938) has 
estimated that the amount of helium in the atmosphere is only i % of the quantity 
produced by radioactive disintegration {in the form of a-rays) since the formation 
of the earth. Hence the effect of the corpuscular radiation emitted from the sun 
has been the loss not only of all the helium present in the earth’s original atmo¬ 
sphere, but also of most of the helium produced subsequently by radioactive decay, 
in so far as the latter entered the atmosphere and was not retained within the 
earth’s crust. 


4. Composition of the Earth’s Interior 

Whereas the average density of the crustal rocks of the earth is no higher than 
2.7, the mean density of the whole earth is much greater—5.5*. It necessarily 
follows that the interior of the earth must consist of specifically denser materials 
than the crust, and it becomes almost certain that it must differ considerably in 
composition from the crust. The difference in density cannot be explained solely 
as a result of the enormous pressure exerted by the outer shell; silicate rocks (the 
main constituents of the crust) or other oxidic minerals such as magnetite or 
chromite (which might become of increasing importance at great depths) are too 
incompressible to account for the observed density. Hence it may be inferred 
that the interior of the earth consists of elements of considerably higher density 
than the rocks of the crust, and it is assumed that the core of the earth consists 
largely of iron. Evidence in support of this is afforded by the predominance of the 

• The earth has been* weighed by comparing the gravitational constant with the 
measured force of attraction between known masses. 
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lines of iron in the sun’s spectrum, and especially by the composition of meteor¬ 
ites*. Meteorites are of two types—the stony meteorites, and the iron meteorites, 
which consist essentially of an iron-nickel alloy with about 91 iron, 8-9" „ nickel. 
It is assumed that the earth’s core is similar in composition, consisting essentially 
of an iron-nickel alloy, with relatively small amounts of other elements (see below). 

In addition to iron and nickel, the iron meteorites contain small amounts of other ele¬ 
ments, especially Co, Cu, Mn, P, S, C, and distinctly detectable amounts of the platinum 
metals. These minor constituents amount to only about 0.5 to i®„ by weight of the iron 
meteorites. The stony meteorites are more common than the iron meteorites; the relative 
amounts of silicate and iron phases in meteoritic matter are not easily estimated but were 
assumed by V. M. Goldschmidt to be about as 6 : i. Th*-av.-rage composition of stony 
meteorites is similar to that of the igneous rocks. H. C). Urey [PAvi. Rev., 88, (1952) 248] 
accepts the values listed in Table 87 as representative of the a\ erage composition of mete¬ 
orites. The mean uranium content of meteorites is probably less than More im¬ 

portant than this is the ratio He : U. since this pro\ ides a means of determining the age 
of meteorites (see p. 858). 


l ABLE 87 

AVERAGE COMPOSITION OP METEORIIES 

Elements arranged in order of abundance. 'I'he figures represent proportions in 

weight per cent. 


1. 

0 

3 h -3 

IS¬ 

Ii 

0.058 

29. Se 

6.7 • lO’* 

43 - 

Yb 

1.7 • IO‘* 

57 - 

Ho 

0 

0 

2. 

Fe 

24.1 

IS. 

Cl 

0.047 

30. Y 

5-5 ' ‘0-* 

44. 

Hf 

1.6 • 10-* 

58. 

Lu 

5.4 • 10- 

3 - 

Si 

17.96 

n- 

Cu 

0.018 

31. Sc 

4.9 • 10-* 

45 - 

Cd 

1.6 • io-« 

59 - 

Tb 

5.2 • 10- 

4 - 

Mg 

I 3-55 ' 

18. 

Zr 

0.008 

32. Ga 

4.6 • tO"* 

46. 

B 

1.5 • io-« 

60. 

Rh 

4.7 • 10- 

5 - 

S 

2.01 

« 9 - 

Zn 

0.0076 

33 - Li 

4.4 • 10-* 

47. 

Ru 

1.4 • lO'* 

61. 

Nb 

4.1 • 10- 

6. 

Ni 

>•45 , 

20. 

Ge 

0.0053 

34. Mo 

3.6 • 10 * 

48. 


1.35 • 10-* 

62. 

Ir 

3.8 • 10* 

7 - 

Ca 

1-43 

21. 

V 

0.0048 

35. Nd 

3.0 • lO'* 

49 - 

I 

1.25 • 10 * 

83- 

Tm 

3.1 • 10- 

8. 

A 1 

j -42 : 

22. 

F 

0.004 

36. Ba 

2.9 • IO‘* 

50 - 

Os 

1.2 • 10* 

64. 

Ta 

2.8 • 10" 

9 - 

Na 

0.75 

23 - 

Br 

0.0025 

37 - Ce 

2.1 • 10-* 

5 «- 

Cs 

1.1 • lO"* 

85- 

Eu 

2.7 • 10- 

10. 

Cr 

0.27 

24. 

Sr 

0.0023 

38. Dy 

2.1 • 10* 

52. 

Sm 

I.l • lO”* 

66. 

Au 

2.5 • 10- 

11. 

Mn 

0.24 , 

25- 

As 

0.0018 

39 - La 

1.9 • IO‘* 

53 - 

Be 

9.3 • 10 * 

67. 

In 

2 • 10“ 

12. 

P 

o «5 1 

26. 

VV 

0.0016 

40. Pt 

1.9 • 10* 

54 - 

Pd 

9.2 • lO'* 

68. 

Bi 

2 • 10“ 

' 3 - 

Co 

0.11 j 

27. 

Sn 

0.0014 

41. Gd 

1.7 • IO“* 

55 - 

Pr 

8.8 • 10-* 

69. 

T 1 

1.5 • 10- 

14. 

K 

0.09 j 

28. 

Rb 0.0008 

;42. Er 

1.7 • IO-* 

58- 

Sb 

6.4 • lO"* 

70. 

Tc 

1.3 • IO“' 
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1 ' 5 - 

28 
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29-42 

0.0047 °o 

43-58 

0.0017 *0 
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1 
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1 
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Observations on the transmission of earthquake waves through the earth have 
revealed the existence of several discontinuities in the density, compressibility and 
rigidity of the earth’s matter at certain depths. The first region of discontinuity is 
fairly close to the earth’s surface, at a depth of about 100 km. Tt is generally 
considered that at this depth, and down at least to the second discontinuity at about 

• Other evidence frequently advanced Is not unambiguous. The earth’s magnetism is 
probably not a property of the core, but of the crust. The density of the core cannot be 
estimated entirely independently, without some assumptions as to the elastic properties of 
the core material. In fact, calculations by Jensen (1938) suggest that the density of iron 
wou d increase rather steeply with pressure at pressures greater than to* atmospheres, and 
would range from about 9 to la (as compared with the ordinary value of 8) under the 
conditions obtaining in the center of the earth. 
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1000 km, the composition of the earth does not differ drastically from that at the 
earth’s surface, as represented by the ultra-basic igneous rocks. However, under 
the very great pressures obtaining at these depths the stable mineral species may 
differ from those which are stable at the surface, and minerals of higher density 
will be favored. Certain minerals which are only stable at high pressure.s {me¬ 
tastable under ordinary conditions) are occasionally found at the earth’s surface, 
where they may have been transported by some erogenic action. The diamond is 
an example. This group of minerals, as a whole, is sometimes known as the eclo~ 
giUSy and the shell of dense oxidic minerals—possibly denser, high pressure modi¬ 
fications of silicates—is known as the eclogite shell (see Fig. 85). 

The core of the earth, consisting essentially of nickel-iron alloy, begins be¬ 
low the third surface of discontinuity at a depth estimated by Bullen (1938-1950) 
as 2900 km below the surface. This metallic core is rigid, although the temper¬ 
ature of the interior of the earth is high, because of the enormous pressure to which 
it is subjected. Its mass amounts to about 30-33% of the total mass of the earth, 
and its density is believed to increase from about 9.4 at the boundary to about 12 
at the center of the earth, where the pressure is approximately 3-10* atmospheres. 
If the core or any other region of the earth were not solid, it would influence the 
period of the earth’s rotation. 

The nature of the shell enclosed between the second and third surfaces of dis¬ 


continuity is still unsettled. It was originally considered that the 1000 km dis¬ 
continuity corresponded to an abrupt change in density from 3.5-4 to about 5-6, but 


according to Bullen the density may increase 
fairly regularly from about 3.5 to 5.5 throughout 
the outer and inner mantles. There is, corres¬ 
pondingly, some uncertainty as to the chemical 
nature of the inner mantle. Goldschmidt {1922) 
made the plausible assumption that it consisted 
of the oxides and sulfides of the heavy metals, 
principally of iron. On the usual assumption that 
the material of the earth at one time constituted 
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a molten mass, he compared the system with the through the 

melt in a blast furnace, which undergoes separ- earth (according to Goldschmidt) 
ation into three liquid phases—a metallic layer 

at the bottom, an intermediate zone of sulfides and oxides, and a covering 
layer of silicates. Very similar views, based on metallurgical experience, were 
developed by G. Tammann at about the same time. Goldschmidt’s views also 
found support from his interpretation of analyses of meteorites. Iron meteorites 
often contain smaller amounts of a material known as troiliU, consisting essentially 


of FcS. It is, however, now generally considered that this view is not correct, and 
that it over-estimates the proportion of the sulfide phase. It is believed rather that 
oxidic minerals persist right down to the boundary of the iron-nickel core, and that 
the progressive change in density and elasticity in the inner mantle corresponds to 
a region in which, through incompleteness of phase separation, there are increasing 
amounts of the iron-nickel material intermingled with silicates and oxides. These 
matters are very uncertain, however, and involve alternative conceptions as to the 


origin and history of the earth'*. 

• See, for example, H. C. Urey, Tfu PlarutSy University of Chicago Press, 1952. 
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5. The Laws of Geochemical Distribution of the Elements 

The study of the composition and chemical transformations of the earth as a 
whole constitutes the science oigeochemistry. The objective of this study is to deter¬ 
mine the distribution of the elements in the earth, and to decipher the processes 

whereby this distribution was achieved. 

It may be assumed that the distribution of the elements as it is now observed is 
the result of the action, on the whole, of three influences. The first \s gravity, which 
(in so far as there has been a transport of matter) must have resulted in the gradual 
accumuiation of the heaviest elements in the interior of the earth while the lighter 
elements have been displaced to the surface. Secondly, there is the chemical speci¬ 
ficity of the elements. As the mass of the earth has cooled off, this has led to the 
formation of compounds between the elements, in accordance with the thermo¬ 
dynamic properties revealed by laboratory experiments. This has provided a 
mechanism whereby certain metals of high atomic weight and high density, but 
with a great affinity for oxygen, have been preferentially concentrated in the crust 
of the earth (e.g., barium). Thirdly, there are effects resulting from differences in 
ease of crystalliiation and in diflferences of crystal structure. As a result of these, the 
elements which have been enriched in the outer regions of the earth during 
solidification have been distributed in very different ways among the minerals and 
rocks. In consequence, we find that certain elements are almost always associated 
with each other, whereas other elements are sharply separated. 

One decisive factor in determining the distribution of the individual elements between 
the heavy metallic core of the earth, and the lighter silicate layer, at the lime when these 
made up a liquid system, was the variation in electrochemical character from one element 
to another. Because of their great affinity for oxygen, the most strongly electropositive me¬ 
tals must have been concentrated in the silicate layer, while the most weakly electropositive 
metals must have been enriched in the iron of the core. Since the silicate layer is rich in 
iron, metals which are baser than iron can be present only in traca in the iron core. Con¬ 
versely. the metals that are nobler than iron may be present in the core in much higher 
concentration than in the silicate layer. The composition of the iron meteorites supports 
this contention, e.g., for nickel. If it can be assumed that Goldschmidt's hy]X>thesis of a 
sulfide layer is valid, similar considerations would determine the partition of the metab 
between the silicate and the sulfide layers. (Table 88). Tammann (1923) used evidence of 
this type, derived from the composition of the crustal materiab, as a basb for hb conclu¬ 
sions concerning the composition of the interior of the earth. 

The composition of the earth’s crust, and the differences between the crust and the in¬ 
terior arising from the different density of the elements, are thus assumed to be due to the 
operation jointly of gravity and chemical specificity. If so, the differing dbtributions of the 
elements has arisen in the same manner as the segregation of products in laboratory experi¬ 
ments, during the solidification of melts. During the solidification of the earth’s crust, thb 
segregation was all the more effective in that the rate of cooling was extremely slow in 
comparison with any laboratory experiment. Here again, the force of gravity played an 
important role. As the first minerals crystallized, the heaviest of them, such as magnetite, 
chromite, pyroxene, olivine, sank to the bottom. Only relatively rarely have they later 
been transported to the earth’s surface again—e.g., by plutonic action. The lighter silicates, 
however, would normally have been transported to the top, as would products separating 
in the gaseous state, such as volatile compounds of the heavy metals (e.g., their halides). 
This is one reason why the heavy metab have been transported upwa^s to some extent, 
instead of sinking. Heavy metal compounds dissolved in light melts, or in aqueous solutions 
will also have ascended. It can probably be assumed that most of the ore deposits of the 
heavy metals within our reach arose in thb manner. Thb b especially true of deposits of 
lead, zinc, tin, moly^enum, tungsten, silver, and gold ores. Further processes of separa- 
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TABLE 88 

Goldschmidt’s classification of the chemical specificity of 
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tion have taken place—and arc still occurring—in and on the solid crust of the earth, 
through the action of the atmosphere and hydrosphere, as a result of the processes of 
weathering and sedimentation (see Goldschmidt, J. Chim. Soc. (i 937 ) ^ 55 )** 


The possibility of forming mixed crystals is always important in the crystalli¬ 
zation of melts. It has been especially important in determining the composition 
of the crystalline minerals of the earth’s crust, and the resulting association of the 
elements with each other. It is familiar that chemically similar elements can 
mutually replace each other in crystals. Goldschmidt showed, however, that this 
possibility dependend not only on chemical similarity, but also on the atomic and 
ionic radii. In general, elements can only replace each other in crystalline com¬ 
pounds to any considerable extent when they arc not merely chemically similar 
(i.e., are similar in the configuration of their outer electron shells), but also agree 
closely in atomic or ionic radius. This similarity in atomic size is often quite as 
important as chemical similarity. Thus beryllium, the homologue of magnesium, 
never occurs in isomorphous admixture in magnesium minerals, whereas nickel 
does, although it is far removed from magnesium in the Periodic System. As shown 
by Fig. 3, Vol. I, p. 16, the ionic radius of beryllium is very different froin that of 
magnesium, whereas that of nickel is very similar. The invariable association of 
the rare earths with one another is also due to the fact that their ions not only bear 
the same charge, but also differ very little in ionic radius. Aluminum, however, has 
a much smaller ionic radius than the rare earth metals, and is therefore never 

4 


• The considerations of this section, based on the distribution coefficients of the elements 
between high temperature liquid phases, and the subsequent crystallization proc^es, are 
quite general. If, in accordance with the current trend in ideas, the earth was built up by 
accredon of interstellar matter, rather than by the condensauon of some uniibnn high 
temperature fluid, the distribution between phases may not be so directiy applicable to 
the whole mass of the earth. The processes of differentiation wiU still apply to the cooling 
of a magmatic melt in the crust of the earth. The materials accessib e to mvestjgation 
are all derived from the outermost crust-this being true even of the ultrabasic rocks, and 
the materials from which orebodies have been derived. 
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iissociated with them although it is also a trivalcnt metal. Gallium, on the other 
hand, difiers little from aluminum in ionic radius, and is always associated with 
aluminum in Nature. 

It is possible for isomorphism between compounds to lead to the invariable association of 
certain pairs (or groups) of elements in the crystals deposited during solidification of the 
earth’s crust; if the elements were originally present in very different concentrations in the 
solidifying magma, their concentrations will also differ widely in the resulting minerals. 
If. furthermore, the difference, in chemical properties between such a pair of elements is 
very slight, it is possible for the more abundant element to mask the presence of the rela¬ 
tively less abundant so completely that the latter is hard to detect and to isolate. The rarer 
element is said to be ‘camouflaged’. The typical example is the camouflage of hafnium 
by zirconium, which is so complete that hafnium was not discovered until I924> although 
It is present in all zirconium minerals and is not at all rare (cf. Table 84). In this example, 
the discovery was rendered difficult in that hafnium and zirconium are remarkably similar 
(hcmically, as well as forming isomorphous compounds. More often, where the chemical 
similarity is not so close, the camouflage is favored by the overwhelming preponderance of 
one of the elements. This is the case in the masking of gallium by aluminum. Gallium is 
usually considered to be one of the rarest elements, although it is, in fact, more abundant 
than silver, bismuth, or mercury. It accompanies aluminum in Nature, however, and is 
present in all aluminum minerals, although always in quite minimal amounts. It is therefore 
\ery widely distributed, but is among the elements that are relatively very inaccessible. In 
this si’Mse it can be called a rare clement. 

In the uppermost layers of the earth’s crust, the distribution of the elements is 
also modified by the intervention of living organisms [.^]. Selective uptake of certain 
elements (‘biophile elements’) by organisms, and the ability of organisms to store 
up certain elements, have resulted in processes of un-mixing on a very large scale 
through the operation of vital processes. Examples are provided by the enormous 
deposits of limestones, largely due to the deposition of calcium carbonate by plants 
and animals (algae, mussels, snails, corals, etc.). Enrichment of very rare elements 
has also taken place in the same way, as shown by the accumulation of germanium 
in vegetation of the Carboniferous period in certain places, from which it has 
passed to the coal deposits. 


6. Distribution of the Radioelements and their Effect on the 

Heat Balance of the Earth 

One aspect of the data given in Table 84 that needs further comment is the distribution 
of the radioelements in the earth’s crust. This enables us to judge how far the evolution of 
heat from radioactive disintegration affects the heat balance of the earth, i g of uranium, 
in equilibrium with its disintegration products, evolves 0.79 cal of heat per year, i g of 
thorium similarly generates 0.23 cal per year, i g of potassium 1.24* 10“* cal, and i g 
rubidium 2.38 ■ lO"* cal. Since i g of the earth’s crust contains, on the average, 2 * iO“* g 
potassium, 4.5 • io‘* g rubidium, 2 • iO“* g thorium and 4 • lo”^ g uranium, the heat pro¬ 
duced in the crust from radioactive processes amounts to about 3.76 • lO"* cal per g per 
year,* of which 3.0 • lo-* cal per g per year is due to potassium, 0.3 • 10-* cal per g. per 
year to uranium, 0.46 • 10-® cal per g per year to thorium, and less than o.oi • 10-* cal 
per g per year to the rubidium. Although its radioactivity is very feeble, the potassium is the 

* This figure is based on the abundance of the elements in the silicate layer, as given by 
H. Brown, Rev. Modem Physics, 21 (1949) 625. Older compilations of geochemical data 
assigned a higher abundance to thorium, but it is now generally accepted that thorium 
and uranium contribute about the same amount to the radioactive heat production. 
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principal contributor to the heat evolved, because of its abundance. However, the radio¬ 
elements are not uniformly distributed through the earth’s crust, but are enriched in the 
upper layers. The production of heal from radioactivity is then correspondingly- greater in 
the upper layers. .According to .A. Holmes and R. VV. Lawson (192G), the average for 
granitic rocks is 15.9 • lO"* cal per g per year, of which 7.1 • 10 * cal is due to uranium, 
4.6 • lO”* cal to thorium, and 4.2 • lo"* cal to potassium. 

This heat production from radioactive elements in the earth’s crust is of great significance 
for the earth’s heat balance. More than three quarters of the heat lost by the earth through 
radiation into space is of radioactive origin. If it were not for this internal source of heat, 
the age of the earth deduced from geological and palaeontological data, and confirmed by 
radioactive measurements of the age of minerals (i.e.. about 3 • 10® years) would be quite 
inexplicable. 


7. Radiochemical Determination of the Age of Minerals 

It is possible to make rather accurate determinations of the age of certain 
minerals—and therefore of the rocks in which they occur—from the end products 
of radioactive decay. The ‘age’ of the mineral here means the time which has 
elapsed since the mineral was laid down in the solid state. From the disintegration 
rate of uranium (Chap, ii) it follows that 1.35* io“'°goflead (-‘'*Pb) is formed 
per year per gram of uranium. Hence the age of the mineral is given by the weight 
of uranium lead (“‘Pb) per gram of uranium, divided by 1.35 • i o”*®. The age can 
similarly be found from the thorium lead (“*Pb): thorium ratio, or from the acti¬ 
nium lead (**’Pb) : *“U ratio. It is, of course, necessary to know the isotopic 
composition of the lead in the mineral concerned. The amount of lead that is not 
of radiogenic origin can be found from the ^°*Pb content. This, multiplied by the 
factors given on p.535, gives the corresponding quantities of *««Pb, ^'"Pb, and *‘'«Pb 
which are not radiogenic. The quantity of lead formed by radioactive decay is then 
obtained by subtracting the ‘normal’ lead content from the total lead. In minerals 
of very great age, account must also be taken of the decrease in the quantity of 
uranium and thorium in course of time, as a result of their decay. This is simply 
found by using equation (4). p. 514- If the present uranium content (more strictly, 
uranium I content) of the mineral is A\ji, and the content of uranium lead is A Raci 
the original uranium content was since one atom of uranium I was 

destroyed for each atom of uranium lead formed. Then equation (4) takes the form 

Aui = (A’ui + AGiao) 

{A = disintegration constant of uranium I, t = age of mineral). By rearrangement 
of this expression, 

< = i • ..303 log.. (-^ + ■) (■) 

Corresponding expressions arc obtained by substituting the experimentally 
determined ratios 

AtHd •^acd 
-or —— 

Njh 

together with the disintegration constants of thorium and »«U, respectively. Hence 
three independent expressions may be obtained for the age of the mineral from the 
isotopic composition of the lead, together with the uranium and thorium contents. 
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Thus, in a samarskite of known origin, Nicr (1941) found the isotopic ratio 
204 p|^ . 20«pij . 207 pb . 20Bpb = 0.167 I Ioo ! 7.60 I 21.3. THus, of cvcry too g- 
atonis of *®«Pb, 0.167 ' 'S -45 = g-atoms were non-radiogenic in origin—i.e., 
there were 96.92 g-atoms of radiogenic “‘"Pb. Corresponding figures for *"Pband 
^‘'''Pb are 0.167 ' = 2-6i g-atoms, and 0.167 ’ 38-40 == 6.41 g-atoms of non- 

radiogenic origin, respectively, and hence (7.60 — 2.61) = 4*99> ^od 21.3 6.4 

- 14.9 g-atoms of AcD and ThD. Chemical analysis of the mineral revealed 
6.91 "o U, 3 .o 5‘»„ Th and 0.314% Ph (by weight). From its isotopic composition, 
the mean atomic weight of lead in the mineral was 206.39. Pfom the data given, 
96.92 g-atoms of RaG corresponded to 100 g-atoms of *®*Pb, i.e., to 129.07 g-atoms 
of total lead. Therefore the atomic ratio RaG : UI is given by 


RaG 0.314 • 238.12 • 96.92 

= -*-3 -= 0.0394. 

UI 206.39 • 6.91 • 129.07 

From eqn. (i), with A = 1.535 ' 'O"*® year”', / = 2.52 • io« years. Similarly, 


ThD 

th^ 


= 0.0.336, 

206.39 ■ 3'®5 ■ >29.07 


whence (A^i, = 4.99 • to“" year"’) / = 2.66 • 10* years. A third value, t = 
2.80 • lo* years, was found from the ratio AcD : RaG. Nicr used this ratio in 
preference to the ratio AcD : *”U, in order to eliminate the disintegration constant 
of from the calculation, since it is not known with great accuracy. For a 
Canadian pitchblende Nier found an age of 1000 million years (from the values 
1.00 • lo*, 0.95 • 10®, 1.03 • to* years). A much greater age—2500 million years— 
was found for a Canadian monazite. 

This direct determination of the age of minerals provides a check on estimates derived 
from geological reasoning. It has been shown that the age of the oldest sedimentary (pre- 
Cambrian) rocks is about 3000 million years. If these rocks are correctly regarded as me¬ 
tamorphosed sedimentaries, they were deposited from the oceans, and their age represents a 
lower limit for the time elapsed since the solidification of the earth's surface and the 
formation of the oceans. 

It is also possible to determine the age of minerals from measurements of the ratio heli¬ 
um ; uranium (or helium : radium) in the minerals. The calculation is based on the fact 
that I g of uranium, with its disintegration products, generates i.i * io~’ cc of helium per 
year. Ages based on helium measurements are minimum ages, since it cannot always be 
g;uarantccd that no helium has been lost by diffusion from the minerals during geological 
ages and processes. The method has been used by Pancth (1928 and later) for determina¬ 
tions of the age of meteorites. The oldest of these gave an apparent age of about 3000 
million years. This is about of the magnitude of the age given by astronomers for the solar 
system. 

Other methods for radiochemical age determinations are based on the formation of 
*’Sr by ^-dccay of‘’Rb {strontium nutficd), on the formation of *®Ca by ^-decay of *®K, or the 
formation of *®A from by electron capture (potassium-calciwn method and potassium~argon 
method). The rhenium-osmium method can be applied to minerals containing rhenium and is 
based on the decay of the 62.9 % of **’Re in rhenium to give >”Os. In contrast to radiogenic 
osmium, ordinary osmium can be activated by neutrons, and the two can thus be readily 
distinguished. The rhenium content can also be determined by neutron activation. 

The >*C-mcthod can be applied to relatively recent limestones (e.g., stalactites and. 
stalagmites). A method of determining when rocks arrived at the surface of the earth or 
were formed there is based on the determination of the content of ®*C 1 , which is formed 
from ®*C 1 by the action of cosmic rays through neutron capture—**C 1 (n, y)**Cl. 
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8 . Occurrence of the Elements Outside the Earth 

Evidence for the extra-terrestrial abundance of the elements is derised from 
two sources—the meteorites reaching us from space, and spectroscopic analysis of 
the luminous stars. As has alrcadv been discussed, the anah sis of meteorites shows 
them to consist of the same elements as the earih's crust in very similar relative 
amounts to that found, e.g., in the average of igneous silicate rocks. Many of the 
elements have also been identified spectroscopically in the luminous stars, although 
the relative proportions of the elements may differ \ erN’ markedly from that found 
on earth. Thus, in the sun’s atmosphere the most abundant elements (according to 
H. N. Russell (1929), A. Unsold {1948) and K. O. Wright (1948)) are hydrogen, 
helium, oxygen, magnesium, and iron, followed approximately by silicon, sodium 
and calcium. It would appear, however, that in the hottest stars the lightest 
elements—hydrogen and helium—greatly preponderate. With decreasing temper¬ 
ature of the stars, the heavier elements, such as potassium, calcium, iron, and 
titanium show themselves in increasing number and quantity in the spectrum. 

Any quantitative statement about the cosmic abundance of the various chemical 
elements is attended with great uncertainty. Recent results of a number of in¬ 
vestigators lead, however, to values that are in reasonably good agreement. This 
may be seen from Table 89, which sets out the relative abundance of the elements 
as given by H. Brown [Rev. Mod. Physics 21, (1949) 625] and G. P. Kuiper, based 
on astronomical obser\'ations and on the composition of meteorites. The elements 
are listed in order of atomic number,.^. Lithium, beryllium, and boron are omitted, 
as being completely unstable at the temperatures obtaining in the interior of stars. 
In the case of other elements not listed, it may be assumed that their abundance, 
relative to that of silicon, does not differ greatly from that found in meteorites. 


TABLE 89 

RELATIVE ABUNDANCE OF THE ELEMENTS IN THE COSMOS 

The numbers represent the number of gram atoms of the element concerned per gram atom 

of silicon. 
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Fe 

Co 


0.000 018 


0.00025 


0.0099 


0.00016 
0.000 087 
0.0000015 


0.0057 

0.072 


0.0028 

0.0081 

0.0082 

0.62 

0.0032 

0.038 

0.0029 
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Table 89 does not take account of such material as may be distributed through¬ 
out interstellar space in the form of cosmic dust or in the gaseous state. The mass 
of this interstellar matter is estimated at 30-50% of the total mass of the universe, 
but very little is known of its composition. Table 90 lists the relative proportions 
of a few elements, based on the data of Dunham (1939) and Struve, who have 
assumed that the ratio Ga : Si in interstellar matter is the same as in stellar matter. 

There are certain relations between the nuclear properties of the elements and 
their relative abundance in the cosmos since, according to certain cosmological 

TABLE 90 

ATOMIC ABUNDANCE OF SOME ELEMENTS IN INTERSTELLAR MATTER 

(g-atoms per g-atom of Si) 

Element H CO Na K Ca Ti 


g-atoms per 200,000 

I g-atom Si. to 1.5 1000 i 0.2 0.07 0.003 

1,000,000 


theories, the nuclei were formed in thermonuclear reactions from the primary 
‘stuff’ of the universe. Their relative abundance thus represents the proportions 
which were in thermodynamic equilibrium with each other at the lowest temper¬ 
ature permitting of rapid thermonuclear processes. It is therefore of great interest 
for nulcear physics to have as accurate as possible a knowledge of these relative 
abundances. Moreover, from a comparison of the terrestrial and the cosmic 
abundances it is possible to derive evidence as to the origin of the earth, the 
distribution of the elements between the core and the surface of the earth, and the 
general systcmatics of the geochemical distribution of the elements*. 


• See, especially, H. C. Urey, The Planets, Chicago (1952), and G. P. Kuifier, The 
Atmosphere of the Earth and the Planets, Chicago (1952, 2nd Edition). 
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CHAPTER 16 


COLLOroS AND SURFACE CHEMISTRY 


1. Introduction 


(a) General 

In his studies of the diffusion of dissolved substances Thomas Graham, in i860, 
discovered that membranes such as parchment paper would hold back certain 
substances such as gelatin or gum arabic, which ordinarily are obtained in the 
amorphous state. On the other hand, substances which crystallized well were 
found to pass freely through these membranes, when the same solvent was present 
on both sides. Graham perceived that these classes of materials differed in a range 
of other properties also. He called the substances which behaved like gelatin 
'colloids' (grcek xoXXa = glue), and the others crystalloids. To solutions of colloids 
he gave the name of solsy to distinguish them from true solutions (i.e., from the 

solutions of crystalloids). 

It has since been found that the capacity to exhibit the properties characteristic 
of colloids—i.e., to form sols—is not a peculiarity of certain substances. It is 
generally held that, in principle, all substances can form colloidal dispersions under 
appropriate conditions. It is true that certain substances such as gelatin, sUica, 
aluminum oxide, etc., do so particularly readily, but it has been found possible to 
prepare colloidal dispersions of substances which ordinarily exhibit the properties 
of crystalloids in their most typical form—e.g., sodium chloride (cf. Vol. I, p. 188). 
We therefore no longer classify substances as being colloidal or crystalloidal, but 
recognize the colloidal and crystalloidal states of subdivision. 

Colloid science embraces a wide field of study [1-15]. Phenomena associated with 
the behavior of matter in the colloidal state arc encountered m all phases of 
chemistry. In particular, colloidal chemical phenomena are often of great impor- 
tancc in technical processes [16]. The interpretation of the colloidal state and the 
discovery of the laws governing colloids has been indispensable for the develop¬ 
ment of biological chemistry. ... 

Properties especially characteristic of matter in the colloidal state include, in 

addition to their very small diffusion coefficients, the very low osmodc pressure of 
their solutions, their property (usually very marked) of scattering incident light 
(Tyndall effect, cf. p. 667), and the ease with they may be t^own out of solution 
(‘flocculated’) by relauvely slight changes in condiUons (e.g., by addition of 
electrolytes or rise of temperature). The properties first mentioned are the direct 
consequence of the fact that theparlicU size of substances in the colloidal stam is far 
greater than the sizes of atoms, and therefore larger than the sizes of ordinary 
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niolccules. fl is also possible for colloidal dispersions to be as transparent as true 
soluiions. No discontinuties can be detected when such dispersions are examined 
niicroscopically by transmitted light. They will also pass through ordinary filters 
without any particles being retained. The maximum resolving power of a micro¬ 
scope is a half the wave length of the light used—i.e., down to about 200 m^i, 
whereas the dimensions of molecules do not ordinarily exceed 1 m/i (10 A). Hence 
200 iii/< and I m/' >nay be taken as the upper and lower limits respectively for the 
dimensions of colloid particles. More precise measurement of particle size has 
shown that colloidal particles may have any sizes in this range. All solutions 
containing particles with sizes between these upper and lower limits display the 
properties characteristic of colloidal dispersions. Thus the characteristic of the 
(olloidat state of matter is that, in this state, the particle size is defined between the 
gi\'en limits*. 

riuTc arc (crtain molecules whose diameter exceeds 1 m/i in all directions (‘giant mole- 
fiiles’j. Thus the diameter of the molecule of egg albumen is 4.34 m/i, and that of snail 
hemocyanine is as much as 24 m/i (Svedberg). Inorganic giant molecules arc formed by the 
heiiTopolyacids and their salts, by the phosphonitrilc fluorides, etc. Substances of this kind 
(called eucoUoidi by Osiwald) have the properties of typical colloids when they are present 
in solution in ntolecular dispersion. 

The stability of colloidal dispersions falls off rapidly in the range too to 500 m//, and their 
properties pass into those of the suspensions. A suspension contains coarser particles, which 
may be resolved under the microscope, and which are retained by filter paper. They differ 
from colloidal dispersions in that they arc not stable over long periods. The suspended 
particles gradually settle out under the influence of gravity (sedimentation). 

Microscopically visible suspended particles arc sometimes referred to as microns. Particles 
which can not be seen by the ordinar>' microscope, but which can be detected by the ultra- 
microscope are called st 4 bmicrons (size range 1 to 200 m/i). and those which are not micro¬ 
scopically detectable are amicrons. 

(b) Classification of Colloidal Systems 

According to the state of subdivision {degree of dispersion)** ,m2intT is defined as 
coarsely disperse, colloidally disperse, and molecular disperse. The substance which is 
present in a more or less fine state of subdivision is the disperse phase, the homoge¬ 
neous medium in which it is present is the dispersion medium, and the whole consti¬ 
tutes a disperse system. Colloidal systems can be grouped into eight categories, 
depending on the state of aggregation of the disperse phase and the dispersion 
medium (Table 91, Ostwald’s classification). 

In the following sections, the most important properties of colloidal systems will 
be discussed with reference to colloidal solutions, since these are the best known 
and most fully studied colloidal systems. The most distinctive properties of other 
colloidal systems are given on p. 686 et seq. 

The figures given (size < aoo m/i> i m/4) must not be taken as sharply defining the 
colloidal state. Near the lower and upper limits, the properties of the systems pass con¬ 
tinuously into those of true solutions and particulate suspensions, respectively. The shape of 
the particl«, their other properties, and the nature of the dbpersion medium are al«> 
important, but these factors do not sensibly affect the size range of the colloidal state. 

Wo. Osiwald defined the degree of dispersion D as the ratio of the total surface ^4 of the 
disperse phase to its volume I'— i.e., D = AjV. 
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CLASSIFICATION OF COLLOIDAL SYslJMS 


Dispersion 

medium 

Disperse | 
! phase 

Description Examples 

Solid 


1 Solid 

1 

Solid sols (vitreosols. 
crystallosols, eic.) 

Rub\’ glass {|x 41-t'. 

Blue rock salt (\’c). I. p. i 

Liquid 

— 

— 

1 Gaseous 

1 

1 

1 Solid colloidal foams 

1 

Pumice (partly coarsely 
disperse) 

Liquid 


1 Solid 

1 

1 

Colloidal solutions or 
sols (hydrosols, organo¬ 
sols, etc.) 

C’olloidal gold dispersion 
' (p. 413). .\quadag. oildag, 

1 (V’ol. I. p. 422). 

Liquid 

1 

Colloid emulsions 
(cmulsoids) ^ 

Milk (partly coarsely dis- 
1 perse). Gelatin solution. 

1 

Gaseous 

1 

Colloidal foams 

Soap lather (partly coarse- 
^ ly disperse) 

Gaseous 


Solid 

1 1 

1 

Colloidal dusts 
(aerosols) 1 

1 Chemical warfare smokes 

j 

1 Liquid 

1 

1 

Fogs 

Atmospheric mists and 
fogs; sulfuric acid fog 
(Vol. I, p. 707) 


c) Historical 

Graham may be regarded as the founder of colloid science; the fundamental concepts arc 
due to him, even though there were a few isolated investigations in the field prior to his 
work. Since the beginning of the present century, colloid chemistry has been far more 
widely studied. The invention of the ultramicroscope by Siedentopf and Zsigmondy, m 
1903, made it possible to observe colloidal particles directly for the first time, and at about 
the same time the first real laws governing the behavior of colloid particles were formulated 
theoretically by Sutherland (1905) and von Smoluchowski (1906). The systematic organ* 
ization of the field, and its development into a distinct branch of scientific activity was due 
largely to Wo. Ostwald, whereas Brcdig, von Weimarn, Pemn, Duclaux, Svedberg, Lang¬ 
muir, Freundlich and others brought about great advances both in experimental methods 
and in the theory. More recently, the correlation of colloid science with the study of surface 
phenomena (capillary phenomena and adsorption) has greatly deepened our understanding 

of the colloidal state. 


2. Colloidal Solutions 

Following Graham's terminology, a colloidal solution {sol) is known as a 
alcosol, eiherosol, or generally as an organosol, depending upon whether the dispersion 
medium is water, alcohol, ether, or some other kind of organic liquid. In the same 
way, solid colloidal-disperse systems are termed crystallo-sols or vitreosols (latm 
vitreus, glassy), etc. The voluminous precipitates formed from sols by flocculation 
igels) are similarly distinguished as hydrogels, alcogels, etc. A gel which can be 
reconverted into a sol is said to be reversible-, otherwise, it is irreversible. 
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Systems in which all the dispersed particles are of the same si2e are called 
isodisperse \ if particles of various sizes are present simultaneously, the systems arc 
polydisperse. In general, colloidal solutions tend to be more or less polydisperse, and 
it is necessary- to control conditions very closely if essentially isodisperse sols are to 

be obtained. 


(a) Preparation [/y] 

Colloidal solutions may be prepared either by processes of dispersion in which 
coarser particles are broken down, or by condensation^ starting from substances in 
molecular dispersion—i.e., true solution. 

(i) Among the dispersion methods^ one of the most important is that of electrical 
sputtering, first used by Bredig {1898). It is particularly suiuble for the prepa¬ 
ration of metal sols, and consists in striking an electric arc between two metal 
wires, beneath cooled water. Svedberg has found that for the preparation of 
organosols it is better to disperse the metal by high frequency sparks, such as are 
obtained from the discharge of a Leyden jar condenser. 


It is often found that a substance passes into a colloidally disperse solution merely on 
contact with a liquid. This effect can show itself in a troublesome form during the washing 
of analytical precipitates. In particular, some sulfides {CuS, HgS, FeS, ZnS) and oxide 
hydrates have a tendency to form hydrosols when they are washed with pure water, and 
thereby to pass through the filter. This can generally be avoided by washing with water 
containing some electrolyte. Conversely, electrolytes can bring about the dissolution of 
some substances, to form hydrosols*. Thus b-stannic acid can be brought into colloidal 
solution by the action of dilute potassium hydroxide; it also goes into colloidal solution 
when it is treated first vrith concentrated hydrochloric acid and then with water (Vol. 1 , 
p. 532). The action is said to be one oipeptization, by analogy with the dissolution of albumen 
under the action of the enzyme pepsin present in the gastric juices. 

Peptization by electrolytes occurs especially readily with substances which are in the 
form of geb, but it b also possible in some instances to peptize crystalline materiab. Thus 
hydrosols of elementary Ti, Zr, Mo, and W can be made by treating the finely powdered 
metals alternately with acids and alkalb, washing each time with water (cf. p. 162}. 

It is also possible to dbperse materiab colloidally by purely mechanical means—i.e., by 
very fine grinding. The process b assbted by adding as a diluent during the grinding some 
inert solid substance which b easily soluble in the dispersion medium. Thus von Weimarn 
(1923) prepared hydrosob of sulfur, selenium, tellurium, and various metab by thb means, 
adding glucose as a neutral diluent. 


(n) Condensation methods can be used quite generally for the preparation of sols. 
Most of them depend on the production of a sparingly soluble precipitate by some 
chemical reaction, under conditions which do not favor the rapid growth of the 
particles as they first separate, and excluding as far as possible those factors which 
bring about coagulation of the colloidal dbpersion (cf. p. 672). 


Sob may be produced by condensation by other processes than chemical reactions. Thus 
Mb of sulfur or pho^horus can be made by pouring alcoholic solutions of these substances 
into water (von Weimam, 1911). Schalnikoff (1997) prepared metal hydrosob by condens¬ 
ing the metab and the dispersion medium together, fix>m their supersaturated vapors, on a 
surface cooled with liquid air. 

The foUowdng substances form aqueous colloidal solutions with especial ease; 

• See p. 669 et Uq. for an explanation of such phenomena. 
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[i] the sulfides of arsenic, antimony, tin, bismuth, copper, mercury, nickel, zinc, and 
cadmium: 

[ii] the oxides or oxide hydrates of iron and aluminum: 

[iii] the dioxides of silicon, germanium, tin, titanium, and zirconium, the pentoxides of 
vanadium and antimony, and the trioxides of molybdenum and tungsten: 

[iv] noble and semi-noble metals, such as gold, silver, platinum, palladium, mercury, and 
copper: 

[v] many organic substances such as albumen and starch. 

The substances included under [ij to [iii] have such a strong tendency to form sols that 
they must be precipitated under certain specified conditions (temperature, addition of 
electrolytes) in order to ensure that they do not remain partly or completely in colloidal 
solution. This is particularly necessary if precipitation must be effected from very dilute or 
very concentrated solutions. In both these extreme cases, as shown by von Weimarn 
(1908 and later), circumstances are favorable for the formation of colloidal particles in 
precipitation processes. 

The metals listed under [iv] can readily be obtained as hydrosols cither by electrical 
sputtering or by reduction of their compounds in solution. In some cases this properly is 
utilized for analytical purposes, and in other cases metallic sols arc used as catalysts or for 
medicinal purposes. 

When prepared by chemical reactions (or, in some cases, by other methods), the 
desired sols are not obtained directly in a pure state, but contain as impurities 
greater or less amounts of electrolytes or other substances dissolved in molecular 
dispersion. These impurities often have an adverse influence on stability, and they 
arc commonly removed by dialysis. 

(b) Separation Methods 

(i) Dialysis (SiaXuat;, separation) is the process of separating substances from 
one another, by utilizing their different rates of diffusion through membranes. 
Graham’s dialyzer consists of a glass vessel, closed at the bottom by a sheet of 
parchment paper; the solution to be dialyzed is placed in the vessel, which is 
dipped into a rather wider vessel containing the pure solvent—e.g., water. In 
modern laboratory practice, bags made of parchment paper, collodion, etc., are 
generally used, dipping into a beaker of the pure solvent. 


Small bags of this kind are readily prepared by Zsigmondy’s method [6]. The inside of a 
very clean, dry test tube is wetted all over with a collodion solution. When this has dried 
(but not too completely), water is poured in, whereupon the small collodion bag detaches 
itself after a short time from the glass. For the dialysis of larger quantities of material, efficient 
and rapid equipment is obtainable commercially. 

Dialysis is often employed not only to purify colloidal solutions but also to prove 
the colloidal character of some dissolved substance. Dialysis is now widely used 
industrially, for the purification of both naturally occurring and artificial colloids. 

The velocity of dialysis depends upon the ratio between the area of the membrane and 
the quantity of liquid to be dialyzed, and on the difference in concentration on either side 
of the membrane with respect to the substances for which the membrane is permeable. The 
solvent on the outer side must therefore be frequently renewed or, better, a flow of solvent 
may be used. Dialysis is often speeded up by raising the temperature (Schmidt 1930). 

DialysU can be considerably expedited by application of an electric potential. The proce^ 
oi eUctrodialysis [23\ based on this enables electrolytes to be far more completely removed 
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than is possible by ordinary dialysis. It is therefore finding increasing application for the 
purification of the biocolloids (proteins, polysaccharides, pectic substances, enzymes, hor¬ 
mones. etc.). A simple laboratory technique for electrodialysis has been described by Reiner 
(1926) [cf. Dh^r^, Kolloid 4' (*927) 243, 315 ]- 

(c) Ultrafiltration 

11 is possible to make use of the impermeability of collodion membranes towards 
colloidal substances to effect a separation not only from dissolved materials present 
in molecular dispersion, but also from the dispersion medium. Such membranes 
are permeable with respect to the solvent, although a certain pressure must be 
applied in order to force the solvent through. Experience shows that the atmo¬ 
spheric pressure usually suffices, and may be applied by exposing the other side of 
the membrane to a rough vacuum (filter pump). This the principle of ultra- 
filtration. 

Ostsvald (1918) has described a method for preparing ultrafilters by imprepiating filter 
paper with a collodion layer (j). Ultrafilters prepared in this way enable colloidal solutions 
to be filtered without suction (‘spontaneous ultrafilters’). The ‘membrane filter’ of Zsig¬ 
mondy and Bachmann (1918} is obtainable commercially in various pore sizes. Unlike the 
ordinary collodion filters, these can be dried without change in permeability. Ultrafilters of 
the Bechold-Konig type (1924) are also often used. 

Ultrafiltration can be utilized in many ways. Apart from colloid chemical work, 
it may be employed in analytical and preparative chemistry for the rapid sepa¬ 
ration of gelatinous or exceptionally finely crystalline precipitates (G. Jander, 
1919 and later). The technique is widely used in biochemistry, physiological 
chemistry, bacteriology, and medicine. 

(d) Optical Properties of Sols 

(i) General. When light is incident on a sol, it is partly reflected from the colloidal par¬ 
ticles, partly scattered sideways, partly absorbed (being converted thereby into other forms 
of energy, chiefly heat), and partly transmitted. 

As in the case of true solutions, the decrease in intensity of light as a result of absorption, 
in passing through a sol is governed by Lambert’s law, which states that the extinction is 
proportional to the thickness of the layer. ‘Extinction’ signifies the expression log (/q//), 
where /o is the intensity of the incident light, I is that of the transmitted light. Thus < 

log ^ = a - x (i) 


where x is the thickness of the layer, and a a proportionality factor known as the extinction 
coefficient. Beer’s law also holds; this states that the optical absorption of any substance is 
independent of the length of path (of constant cross section) over which it is distributed. 
It follows that the extinction is proportional to the concentration: 



C ' X 



If the concentration x is expressed in mols per liter, e is the molar extinction coefficient. 
Beer’s law is obeyed only if changes in concentration bring about no changes in the ab¬ 
sorbing particles (e.g., changes in the degree of dispersion). Hence, by measuring the light 
absorption of sols at various concentrations it is possible (as for true solutions) to investigate 
the action of the solvent on the disperse phase. For any substance, starting from the mole¬ 
cular disperse state, the light absorption at first increases with increasing particle size, and 
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then diminishes again. It usually reaches its maximum value in the colloidal range. 
Selectively absorbing (colored) substances therefore usually display the greatest intensity 
of color in the colloidal state. This is important, for example, in preparing artists’ pigments. 

The tone of the color generally shifts from red to blue with increasing particle size, as 
Faraday first observed in the case of gold solds. If the gold particles have a diameter smaller 
than 80 m^, gold sols usually have an intense red color. Addition of substances which bring 
about an increase in particle size by partial coagulation change the color through violet to 
deep blue. Other factors (e.g.. the shape of the particles) as well as the particle size, affect the 
color, and it is therefore not possible to deduce the size of the particles from the color alone. 

One property which is particularly characteristic of particles in colloidal solution is their 
strong lighl-scallering power. The scattered light is always found to be partially polarized. 
The path of a beam of light through a colloidal solution is therefore sharply delineated by 
the scattered light. The phenomenon is known as the Tyndall ejj'ect, since it was first in¬ 
vestigated by Tyndall in 1869. Substances present in a state of molecular dispersion do not 
exhibit the Tyndall effect*. 

(«) UltramicToscopy. In consequence of the diffraction of light, coiloida 
particles appear as self-luminous points when viewed transversely. They are there¬ 
fore microscopically visible, although they are so small, provided that observations 
are made, not along the direction of the rays of light, but perpendicular thereto. 
This is the principle of the inverted bySiedentopfand Zsigmondy**, 

which enables particles of only a few m/< diameter to be observed if the illumination 
is sufficiently intense. 


(e) Number, Size and Shape of Particles in Sols 

The number of colloidal particles in a given volume can be counted directly under the ultra- 
microscope. If the quantity of substance present in a sol, in colloidal form, is also known, the 
size of the individual particles can be computed from their number. It may readily be seen . 
that, for cubical particles, the diameter (or edge length) I is given by 



n = number of colloid particles per cc. 
d = density of substance present in colloidal form 
c = concentration of substance, g per cc. 

The diameter of spherical particles may be obtained by multiplying the expression under 
the root sign by 6/jr. The application of (3) involves the assumption that the sol is isodisperec. 
It is often possible to resolve polydisperse sols into roughly isodisperse fractions, by filtering 
them through Zsigmondy membrane filters of graduated poroshy. More exact determinations 
of the particle size can, however, be obtained from the ultracentrifuge in such c^es. The 
determination of particle size in sols, suspensions, and other disperse systems is known 
generally as *dispersoid analysis’ [/p]. Various other methods may be used, in addition to 
those mentioned. 

Particles which have roughly the same dimensions in^ all three directions are known 
generally as ‘spheroidal’, as distinct from disc-shaped or rod-shaped particles. Except in 
systems where the dispersion medium is a gas, deviations from the spherical shape, unless 
they arc very considerable, do not usually exert an appreciable influence on the properties. 
Sob which contain dbeshaped or rod-shaped particles become double-refracting when 

• Light is, indeed, scattered by the molecules of gases and liquids {so-called ‘Rayleigh 
scattering’), but the intensity of the light scattered in this way is negligible as compared 

with the scattering produced by colloidal particles. 

** The so-called ‘ultracondenser’, made for use with an ordinary microscope, depends 

on essentially the same principle. 
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th< > (low (streaming anisotropy). When such a sol is observed between crossed Nicol prisms, 
the held of view becomes illuminated as soon as streaming is induced. The character of the 
streaming double refraction is difTerent for disc sols and rod sols (negative for platelets, 
positive for rods). With sols of very decidely aspherical particles, it is often possible to 
recognize the streaming anisotropy even with the naked eye, from a shimmering, or for* 
mation of striae on stirring. Sols made of very elongated particles—e.g., an aged V,Os sol— 
have a beautiful silky luster when they are stirred. Particles which deviate greatly from the 
spherical shape, and have a lively Brownian movement (sec below) often twinkle in a 
charact<-ristit manner in the ultramicroscope. 

As with true solutions, the number of particles in sols can naturally vary between wide 
limits. It is generally between lo* and >o‘* per cc in sols of the usual concentration. The 
smaller the particle size, the greater must the number of particles be for a given analytical 
(oncentration. Except, however, in the sols of the eucolloids and the lyophilic substances 
related to them, the number of particles can rarely be raised much above lo** per cc, even 
in sols of especially fine particle size, without flocculation taking place. This upper limit 
corresponds roughly to the ionic concentration per cc in a o.ooooi normal KCl solution. 
.\n average figure for the number of particles in sols of lyophobic colloids would be less 
than one millionth of that in solutions of crystalloids of ordinary concentration. 

(f) Osmotic Properties of Colloidal Solutions 

Substances in colloidal solution exert only a very small osmotic pressure, corresponding 
to the low concentration of particles in their solutions. The resulting lowering of the vapor 
pressure, lowering of the freezing point, and elevation of the boiling point are therefore 
hardly measurable. Freezing point depressions of a few thousandths of a degree, such as have 
been recorded for sols of hydrophobic colloids, must probably be attributed largely to the 
traces of electrolytes always present in such sols. These also affect the direct measurement 
of osmotic pressures. In itself, measurement of osmotic pressure of colloidal solutions presents 
little difficulty, since it is not difficult to prepare a membrane which is quite impermeable to 
the colloidal substance, but completely permeable to other substances present. The osmotic 
pressures of typical colloids, although much smaller than those of crystalloids, are of 
conveniently measurable magnitude as may be calculated from the number of particles. 
Thus, a sol containing 50 g per liter of As,S,, with a particle size of 2.5 m/i, would have an 
osmotic pressure of about 15 cm of water. This assumes that electrolytes present in the sol 
exert no influence on the osmotic pressure although, as was first deduced theoretically by 
Donnan in 1911, there must be some effect even when the membrane is completely perme¬ 
able to electrolytes [22]. Particle numbers or particle sizes of the colloid in a sol can therefore 
be derived from osmotic pressure measurements only when allowance is made for this 
‘Donnan membrane equilibrium’.* 

(g) Brownian Movement 

Ultramicroscopic observation shows that colloidal particles suspended in a 
liquid or a gas are in a state of continual, lively, and quite irregular motion. The 
phenomenon can be observed not only with colloidal particles, but also with 
particles visible under the ordinary microscope, but becomes more vigorous as the 
particles get smaller. It was discovered for pollen grains by the botanist Robert 
Brown in 1827. It has been shown that the Brownian movement is produced by the 
collisions of molecules with the small particles. The amplitude of the Brownian 
movement becomes larger as the dispersion medium is made more tenuous, and 
the phenomenon is therefore particularly marked for particles suspended in gases. 

The Brownian rnoyement explains why suspended substances, provided that they are 
sufficienUy finely divided, do not settle out under the influence of gravity, but remain 
dispersed m the medium. Just as the density of a gas (such as air) decreases in a regular 

The difficulty is not so acute in dealing with eucoUoids, and measurements of osmotic 
pressure arc widely employed in studying high-molecular lyophilic systems. 
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fashion with increasing altitude, so does the concentration of suspended particles, as was 
proved experimentally by Perrin [20]. The kinetic theor>- of gases requires that the height of 
the layer in which the gas density falls in some definite ratio (e.g., to half its value) should 
be inversely proportional to the molecular weight of the gas. Similarly, the height of the 
layer in which the concentration of (uncharged) suspended particles falls off by a definite 
ratio is inversely proportional to the particle weight.* For particles of mastic, of 1.2 fi 
diameter, in water, Perrin found that the half-value layer was 6 /i high. For similar particles, 
of 0.12 /i diameter, this layer was 6 mm high, and for particles of 0.012 ft diameter it was 
6 meters. 

(h) Ultracentrifuge 

The force of gravity, to which the fall off of particle concentration with height is due, 
may be replaced by centrifugal force. The thickness of the half-value layer in the sedimen¬ 
tation equilibrium is thereby diminished in the same proportion as the sedimenting force is 
increased. This is the principle underlying Svedberg’s ultracentrifuge whereby it is 
possible to produce centrifugal fields of up to to* g. Under these high forces, sedimentation 
equilibria can be established not only with colloids, but even with molecular-dispcrsc 
substances (with molecular weights down to about 200), in the same way as those observed 
by Perrin for microscopically visible particles. The weights and sizes of particles in highly 
disperse sols, and the molecular weights of dissolved substances—especially of those with 
high molecular weights—can thereby be determined. If substances of different molecular 
weights are present together in solution, they undergo sedimen¬ 
tation at different rates in the centrifugal force field. 

Particle size determinations can be carried out on sols of less 
highly disperse particles, by means of ordinary laboratory centri¬ 
fuges [rg] 

(i) Electrical Properties of Colloids. Coagulation and 
Peptization 

(1) General. Colloidal particles suspended in a liquid mi¬ 
grate in an electric field; hence they must be electrically 
charged. Colloidal metals and metal sulfides generally bear a 
negative charge, colloidal metal oxides and hydroxides are 
usually positively charged. 

The migration of colloidal or more coarsely disperse particles in 
an electric field is known as cataphoresis or electrophoresis [25]. It may 
be demonstrated in a simple manner by means of the apparatus Fig. 86. Migration 
shown in Fig. 86. A colloidal solution of iron(III) oxide hydrate is of iron (III) oxide 

placed in the U-tubc and covered with pure water in each limb, hydrate sol in an 

and a sufficiently high voltage is applied to the electrodes dipping electric field, 

into each limb (e.g., 220 v). It will be found that both boundaries 

of the brown colloidal solution are gradually displaced in the direction of the negative 
electrode. Hence the iron oxide particles are positively charged. If the experiment is 
continued until the particles come in contact with the negative electrode, they are there 
discharged and flocculated. The velocity of cataphoretic migration of colloidal particles is 

* If the concentrations of particles at heights k-i, A| are Cj, r,, respectively, the ma^ and 
density of the particles being m and d, and the density of the dispersion medium being i/g, 
then 

2.3 *08 7 = ^ ” 7) 

where A"* is Avogadro’s number, R the gas constant and T the absolute temperature; 
g 3= gravitational <^nstant. 
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usually of the same order of magnitude as that of electrolytic ions—generally 3 • io-« to 
5 • 10-* cm • scc‘‘ per volt • cm"*. Corresponding values for the Na+ and K+ ions are 
4.4 • 10 * and6.7 • lO"* cm • sec"* per volt • cm'* at 18'’. 

The electrical charge on colloidal particles is due to ions adsorbed on their 
surface. Thus H+ ions are usually adsorbed on the surface of iron(III) oxide in 
colloidal solution. If very dilute potassium hydroxide is added to the colloidal 
solution, the charges on the colloidal particles are partially or completely neutral* 
ized, through the combination of OH“ ions with adsorbed H+ ions. This can be 
detected by a decrease in the cataphoretic velocity of the particles. As this decreases 
the stability of the sol diminishes, and when the migration rate becomes zero, the 
sol suddenly flocculates out*. Similar phenomena can be observed for the sols of 
a great many substances, and especially for most inorganic colloids. It may be 
concluded that the sols of these substances are stable only when the particles are 
electrically charged.[^/] 

The electric charge provides an explanation of why the colloid particles do not unite with 
one another when they collide (or approach one another very closely) as a result of their 
Brownian movement, but rebound. In the absence of an electric charge, the surface forces 
tend to reduce the total surface area as far as possible. This they do through the association 
of the particles into coarsely disperse aggregates, which sink to the bottom—i.e., flocculation 
occurs. 

It follows from this theory of coagulation that the cations of the added electrolyte 
are responsible for the flocculation of negatively charged particles, whereas the anions 
are concerned with positively charged particles. The flocculating power of ions in¬ 
creases rapidly with their charge (Hardy-Schulz rule). Uni-, bi- and tri-valcnt 
inorganic ions have about the same effect at molar concentrations in the ratio of 
500 : 10 : t, respectively. Inorganic ions of the same charge differ little in their 
effects, except that the OH~ and especially the H+ ion have a far greater floc¬ 
culating power than other univalent 
ions. 

It is quite understandable that the 
flocculating power of ions should increase 
with their valence, but some explanation 
is required for the extraordinary rapidity 
of the increase. As was shown by Freund- 
lich (1907), this is a consequence of the 
way in which the adsorbability of ions 
dei>ends on their concentration. This can 
be seen from Fig. 87, in which the bold 
curve represents the variation of amount 
adsorbed with concentration (cf. p. 679). 
If an amount of a univalent ion is al> 
sorbed by some colloid from a solution in 
which it is present at a concentration Cj, 
the same neutralization of charge would 
be effected by the adsorption of just dne 
. ^ half of this quantity of a bivalent ion. 

How’cver, the ordinate — corresponds to a concentration represented by the absicssa Cg 

* Flocculation generally takes place rather before the charge has fallen quite to zero,. 



Fig. 87. Relation between concentration and 

adsorption. 
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which, as the curve is draw'n, is only c,. It is thi*r<-by assumrd tliat the ions would be 
adsorbed to the same extent, irrespective of their valence—as is approximately true for 
most inorganic ions. The and OH" ions are much more strom'ly adsorbetl tlian other 
inorganic ions, and their flocculating power is correspondingly greater than that of other 
univalent (inorganic) ions. The adsorbability of organic ions varies from one example to 
another, and there is therefore no simple relation between their charge and their coagu¬ 
lating power. In general, they are more strongly adsorbed than inorganic ions, and are 
therefore much more effective flocculents. If the relative flocculating jiowers of ions are 
compared on the basis of the electrolyte adsorbed by the colloid, and not on that 
present in the solution, then (expressing this amount in equivalents), the same figures, 
within experimental error, are obtained for all electrolytes with any one colloid. Thus 
ihe amount of any electrolyte which is effective in flocculating a colloid is the amount 
which is necessary to lower its electrical charge to a value just below' w'hat is necessary 
to prevent coalescence of the particles, by electrostatic repulsion. I'he minimum value of 
the potential difference between particle and solution, necessary to inhibit flocculation, is 
known as the critual poUntial in the sol concerned. 


TABLE 92 

FLOCCULATING POWER OF ELECTROLYTES 

The numbers in the Table give the concentrations of electrolyte in millimols per liter, which 
coagulate a standard sol (t.85 g of AsjS, per liter) in the same time. (From measurements 

by Freundlich). 


Electrolytes 
with unival¬ 
ent cations 

Electrolytes 
with bivalent 
cations 

Electrolytes with 
trivalent cations 

Electrolytes with 
organic cations 


LiCi 58 

MgCI. 

0.72 

AlClj 0.093 

Anilinium chloride 

2-5 

NaCl 51 

MgSO, 

0.81 

A!(NO,), 0.095 

Morphine chloride 

0.42 

KCl 50 

CaCl, 

0.65 

4AU(S04), 0.096 

Crystal violet 

0.16 

KNO, 50 

SrCl, 

0.64 

Ce(NO,), 0.080 

New magenta 

0.1 1 

iK,SO. 65 

BaCl, 

0.69 


Benzidinium dinitrate 

0.087 


ZnCl, 

0.69 


Quinine sulfate 

n.24 

HCl 31 

UO,(NO,). 

0.64 




tHjSO* 30 







Table 92 shows the flocculating power of some electrolytes towards an As^Si sol. Since the 
colloidal particles in thU sol are negatively charged (through adsorption of S 10ns), it is the 
cation, in each case, which determines the flocculating power of the electrolytes. The 
quantities of electrolyte needed to bring about flocculation are quite small, as the fibres 
show. The data show that the flocculating power depends also to some extent on the valence 
of the anion. This is because the adsorbability of the ions depends not on the analytical 
concentrations, but on the activities of the ions, and these are influenced by the anions also. 


The addition of an electrolyte can often bring about a reversal of charge on the 
colloidal particles. Thus the particles of a gold sol, ordinarily negatively charged 
become positively charged if a solution of an aluminum salt is added. A very small 
amount of the latter discharges and flocculates the gold particles. A larger quantity 
does not produce flocculation, however, and it is subsequently found that the 
direction of migration of the particles in an electric field is reverse 


The charge on the colloidal particles may often be iff'I'T^bc 
amounts of ions with like charge, and the sol is thereby sta i • . 

stabilized by the addition of very dilute alkali 
Strongly adsorbed even from very weakly alkaline solution. 
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tration is raUcd, the cations are adsorbed as well, and flocculation occurs The effect of the 
cation predominates from the ouUet in the case of polyacidic bases, such as Ba(OH).. 


Peptization can be explained in terms of the conferment of a charge to the 
colloidal particles, through the adsorption of ions. Ions which are strongly ad¬ 
sorbed, by their action on a gel which has been flocculated by discharge of its 
particles, or on some other substance which is porous enough to be penetrated by 
electrolytes, establish a charge on the particles, which then repel one another so 
that the substance goes into colloidal solution. Since H+ and OH ions are 
especially strongly adsorbed, they arc particularly effective as peptizing agents. 


Peptization can lead to an equilibrium between sol and peptisable material, sirmlar to 
that between dissolved substance and solid phase m a saturated true solution. There is, 
however, a striking difference from the case of the true solution, in that for given amounts 
of liquid and of peptizing agent, the concentration of the sol depends upon the quantity af}M solid 
phase present. The amount peptized is a maximum for a moderate amount of the solid phase 
(Ostwald’s rule). The explanation of this is as follows. The charge on the particles produced 
by adsorption of ions reaches a maximum for a certain concentration of electrolyte (p. 686). 
Hence there is an optimum peptizing action at some particular electrolyte concentration. 
The larger the quantity of the solid phase, the greater b the amount of peptizing agent 
adsorbed, so that the amount of peptizing agent remaining in solution depends on the 
quantity of the solid, as also, therefore, does the difference between the final concentration 
and that corresponding to the optimum peptizing effect. 


The number of collisions between particles, and therefore the rate of coagulation, 
increases with rising temperature and with increase in the concentration of the sol. 
The principal means of flocculating colloids (other than by an applied electric 
potential) are thus (a) the addition of electrolytes, (b) boiling the sols, and (c) 
evaporation. 


Addition of a sol with oppositely charged particles may also bring about coagulation. 
Unrestricted mixing of colloidal solutions b thus not possible. 

In order to precipitate substances which remain in colloidal solution in the course of 
analytical and preparative work, it b common to boil the solutions for some time with the 
addition of a suitable electrolyte (generally HCI, CH, • COjH, or NH3 • H, 0 ). If thb b not 
effective, coagulation can be achieved by evaporation to dryness. 


A substance which goes up into colloidal solution again when the gel is treated 
with water (or, more generally, with the dbpersion medium from which the gel 
was flocculated) b said to be a reversible colloid, as dbtinct from an irreversible 
colloid, which can not be brought into solution again without a peptizing agent. 
Most inorganic substances form irreversible colloids; if they are reversible when 
in the finely divided and highly hydrated state, they can usually be converted to 
the irreversible state by particle growth. With silicon dioxide, for example, this 
growth can be brought about by repeated evaporation with concentrated hydro¬ 
chloric acid. This procedure is adopted in analytical chembtry to secure quantita¬ 
tive separation of silica. 


(li) Micelles. Since the colloidal particles in a sol are electrically charged, whereas the sol 
as a whole is electrically neutral, the sol must necessarily contain crystalloidal particles 
(ions) with a charge opposite to the colloidal particles. These ions will cluster as closely as 
possible round the colloidal particles, because of electrostatic attraction, without combining 
directly with the oppositely char ionsged on the particles (as takes place in adsorption)*. 

* The same forces can be considered responsible for thb lack of combination as hold the 
ions apart in ordinary electrolyte solutions. 
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The whole complex of colloidal panicle plus its accompanying, neutralizing ions (known as 
•gegenions') is called a micelle, as suggested by Malfitano (1904) and Duclaux (1907). The 
liquid in which the micelles are suspended is the inter-muellar liquid. Fig. 88 is a diagram¬ 
matic representation of a micelle in an As,S, sol, formed by passing H,S into an arsenic(III) 
salt solution. 

The intermicellar liquid can be separated from the micelles by ultrafiltration. If coagu¬ 
lation does not take place in this process, the micelles remaining in¬ 
tact, the colloid can re-form the sol directly, on the addition of a 
neutral dispersion medium such as pure water. If the micelles arc 
destroyed by coagulation,, however, it is only possible to bring the 
colloidal particles back into solution (in the case of a lyophobic col¬ 
loid) by giving them a fresh electric charge and thereby reforming 
the micelles. 



Fig. 88. 

Schematic diag¬ 
ram of micelle. 


{tit) Lyophilic and Lyophobic Colloids. As already indicated, 
a charge on the particles is not a necessary condition for the 
stability of all sols. There are substances which are maintained 
in colloidal solution by essentially the same forces as are the 
crystalloids—i.e., by the forces responsible for solvation. These are said to be 
lyophilic colloids, asdistinctfromthe lyophobic colloids (greek, 9tX€tv, to love,and 
qjoPetv, toflee)[2^]. With particular reference to their behavior towards water, the 
terms hydrophilic and hydrophobic are used. 


Typical hydrophilic colloids include glue, gelatin, agar, starch, dextrin, and many other 
organic substances (in particular most proteins). Among inorganic substances, the hydrates 
of silica, tin dioxide, and antimony pentoxide, the finely disperse forms of molybdic and 
tungstic acids, and molybdenum and tungsten blues arc considered to be hydrophilic 
colloids. These inorganic substances arc very similar to the hydrophobic colloids, however, 
and it is not possible to draw a sharp distinction between hydrophilic and hydrophobic 
colloids. 


The'typical lyophilic and hydrophilic colloids can be discharged by H'*’ and 
OH~ ions without being flocculated. Their particles are strongly solvated, and 
therefore differ very little optically from the dispersion medium. They can there¬ 
fore be discerned only with difficulty, and often not at all, under the ultramicro¬ 
scope. For the same reason, the sols often display only a very weak Tyndall effect. 
The viscosity of the dispersion medium is very greatly increased by lyophilic 
colloids, whereas it is practically unaffected by lyophobic colloids. Lyophilic 
colloids also differ from lyophobic systems in that the surface tension of the dis¬ 
persion medium is strongly modified. 

The high viscosity of lyophilic sols is probably due, in large measure, to the high degree 
of solvation of the colloidal particles. Under otherwise equal circumstances, the viscosity 
increases with increasing particle size, in both the molecular disperse and the colloidally 
disperse range. If the radius of the particles is increased by solvation, there will be a re¬ 
sulting increase in the viscosity. A lyophilic substance generally forms a sol of higher 
viscosity in a dispersion medium which does not dissolve it well, than in one which is a good 
solvent. This docs not necessarily contradict the assumption made as to the effect of sol¬ 
vation, since it can often be shown that the poorer dispersion medium is less effective in 
producing a subdivision of the dispersoid substance than is the better solvent. The following 
figures arc cited as examples of the high viscosities found for lyophilic sols. 


Pure As,Sj in gelatin 

water water in water 

( 20 ^ ( 3 % atzo**) (1%) 

0.01005 0.01043 3 


rubber in 
benzene 

(«%) 

35 


nitrocellulose 
in butyl alcohol 

(1%) 

up to 65 


cellulose in 
Schweitzer’s reagent 
(«%) 

180 poises 
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I hus gelatin in solution raises the viscosity of water almost lo.ooo timesj^ f 

does a^cnic trisulfidc in 3^0 solution. However, the viscosities of sols of lyophilic colloids 
iTvary between fairly wide limits for any one substance at the same concentration and 
temperature. It depends to a considerable extent on the mode of preparation of the sol, and 
^f^n on its age. This is because the micelles in such sols often undergo very protracted 
changes-often in the nature of an aggregation process*, but sometunt^ of the nature of an 
increase in the degree of di.spersion. These and other changes m the micelles (e.g., change 
In the degree of solvation) can show themselves very markedly in change of the visc^ity 
of the sols. Viscosity measurements are therefore of great value in studying the of 
lyophilic colloids. They are also used industrially as a method of testing substances of this 


type. [», „]. 

Lyophilic colloids, like lyophobic colloids, are usually electrically charged •. 
This charge can often be neutralized by the addition of H+ or OH ions (according 
to its sign), so that the colloid no longer migrates in an electric field, but without 
destroying the stability of the sol. The pH of the solution in which this occurs is 
known as the isoelectric point of the colloid in question, as suggested by Michaelis***. 
If the pH is further changed, the direction of migration of the colloid (and there¬ 
fore its charge) becomes reversed. The ease with which such a reversal of charge 
can be brought about by adding H+ or OH" ions is very characteristic of lyophUic 

colloids. 


SoU of lyophilic colloids are generally somewhat insensitive towards electrolyt«, in 
accordance with the relatively unimportant role played by their charge in determining 
stability. Coagulation occurs only after adding rather high concentrations of electrolytes. 
It is then not so much the charge of the flocculating ions that is important (in conformity 
with the Hardy-Schulz rule), but other properties which show themselves also in their effect 
on the solubility of crystalloidal dissolved substances. The most important factor is probably 
the hydration {or, generally, the solvation) of the flocculating ions. 


3. Gels and Jellies 

(a) Gelatiozi and Swelling 

It is highly characteristic of lyophilic colloids that their sols (when not too dilute) 
will solidify homogeneously into compact, soft, fairly elastic masses known as gels 
or jellies. The process is known as gelation or gelatinization. A gel may contain very 
considerable quantities of the dispersion medium (over 99% in some cases). If the 
concentration of colloidal substance in the gel is not too high, the gel may behave 
almost exactly the same as the liquid sol, apart from its mechanical properties. 
Thus the rate of diffusion of crystalloids in the gel is practically the same as in the 
sol, the electrical conductivity is unchanged, and chemical reactions take place in 
the gel just as they do in the ordinary solutionf As the concentration of the 

• Aggregation here implies combination between particles, to lower the degree of 
dispersion, but without producing flocculation. 

•• The charge on lyophilic colloids is often due, not to the adsorption of ions, but to 
electrolytic dissociation, as in the case of molecular-disperse substances. Discharge of the 
colloids then simply involves the repression of the dissociation equilibrium. 

**• An isoelectric point can be similarly defined for amphoteric crystalloids. 

•f The only difference is that all interfering effects of convection are absent in the gel. 
When one substance diffuses into a gel containing a second compound, with which it can 
react to form a precipitate, so-called Liesegang rings arc obtained—e.g., when silver nitrate 
diffuses into gelatin containing dichromate. For explanations of Liesegang rings see 
W. Ostwald, Z- Phy^k. Chem., 23 (1897), 365, Wo. Ostwald, Kolloid Z-, 36 (*925), Suppl. 
Vol. p. 380; 40 (1926) 144. The same layered precipitate is obtained if convection is 
eliminated by other means—e.g., by carrying out precipitation in a capillary tube. 
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colloidal constituent of the gel is increased, however, the rate of diflusion of 
dissolved cr>’Stalloids diminishes progressively. 

Jellies formed by the homogeneous solidification of a sol differ from thr products obiaincti 
by flocculation of colloids, not only in the manner of their formation, but also in properties. 
The latter are known as gels in a narrowi r sense. The term is, however more widely used, 
to embrace both flocculation gels and jellies. It has been suggested that the gels formi-d by 
flocculation (or coagulation) should be called ‘coagels’, but the term has not come into 
common usage. 

Jellies can be dried, to form quite solid masses, and thereby undergo extensive 
shrinkage. In many cases (e.g., glue or gelatin) horny products are obtained, 
which can be reconverted into jellies by the absorption of water. The rc-formation 
of jellies in this w-ay is known as swelling*. 

Other jellies, such as hydrated silica gels, shrink only to a certain degree when they arc 
dried out. On further drying, the jelly suddenly becomes opaque, as air enters the capillary 
spaces vacated by the water (cf. p. 684 and Vol. I, p. 494 b Shrinkage docs not proceed 
further, to any appreciable degree. The void spaces can be filled up again by the absorption 
of water. However, the dried-out silica gel does not thereby undergo any increase in volume, 
and thus cannot be reconverted into a real jelly. It has thus acquired essentially the same 
properties as a silica gel obtained by flocculation. Jellies which lose their swelling power 
(and therefore their jelly character) when they arc dried arc called non-swelling '}c\\\cs, as 
opposed to the swelling jellies first mentioned. 

Many jellies can be liquefied by warming them, and solidify again after some 
time when they are cooled to the original temperature. This behavior is familiar 
in the case of gelatin jellies. There are also jellies and gels which can be liquefied at 
constant temperature by shearing stresses (e.g., by shaking, or better, by ultrasonic 
vibrations). This phenomenon is known as thixotropy touch and tp^tco?, 

change). 

(b) Syneresis 

Jellies may shrink to a greater or less extent, not only when they are dried but, in course 
of time, when they are allowed to stand in moist air (or air saturated with the vapor of the 
dispenion medium). Under these conditions, a dilute solution of the colloid, and of crystal¬ 
loids which may be present in solution, is spontaneously squeezed out. This phenomenon, 
which was first noticed by Graham, is called syruresis (cruvaipeTv, to squeeze). 


(c) Structure of Jellies 

Investigation of jeUies by microscopy or ultramicroscopy is consi^rably impeded by the 
fact that, in their swollen state, the substances which form jellies differ very li^e m refrac¬ 
tive index from the dispersion medium itself. Butschli (1892) found a method of circrnn- 
venting this difficulty in that he subsequently displaced the water from hydrogeb by other 
dbpersion media such as alcohol or benzene. From microscopic observations made m this 
m^er he reached the conclusion that jellies have a network or honeyoimb structure^He 
interpreted the honeycomb structure as signifying that th^c colloidal material for^ a 
contiiuous foam-like mass, with its interstices filled with the 

showed ^t the honeycomb was formed by lamellae f 

liquid which holds the micelles apart, as they approach very closely together during jelly 


* The term swelling is abo applied to the absorpUon of water by strongly 
substances, which occurs with considerable increase in volume, but without 

of an actual jelly. 


surface-active 
the formation 
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formation. This would support the converse picture—a foam-like structure of the dispersion 
medium or intermiccllar liquid, with the interstices filled with the micelles of the colloid. 
It is probable however, that at the points of closest contact the micelles also grow together 
to a greater or less extent. If it is assumed that this occurs on an extensive scale, one gets 
back to the conception of a net-work or sponge-like structure, as was originally suggested by 
Butschli for many jellies. Von Weimarn (1908) and Poole (1925), on different grounds, 
arrived at essentially the same view of the structure of jellies. The essential feature of the 
n odern view of jellies is the assumption that the dispersion medium forms a continuous 
phase throughout the whole jelly, without being subdivided into droplets surrounded by 
membranes. Herein is the explanation of the unhindered diffusion through dilute jellies. 
Other phenomena observed with Jellies—such as those associated with the drying of silica 
jellies—are also comprehensible in terms of this structure. 

(d) Plastic Masses 

Jellies are closely related in structure to the so-called plastic masses—e.g., to the clay 
slip sused in the production of ceramic products, to resins and synthetic plastics, to cellulose 
products such as celluloid, lacquers, and to chemically homogeneous materiab such as 
rubber and gutta percha. Colloid science has become of great importance in arriving at an 
understanding of the properties of such substances. [23, 26] 

(e) Oxide Hydrates [ 27 , /j] 

Colloid chemical and X-ray investigations have done much to clear up the 
nature of the so-called oxide hydrates —the gelatinous precipitates obtained when 
many elements are thrown out of aqueous solution in the form of their oxides or 
hydroxides. Typical instances of such oxide hydrates are the gels of SiO^, GeO„ 
SnO„ TiO„ ZrO„ AljO*, Cr, 0 „ and Fe, 0 ,. In the form of their freshly prepared 
gels, these substances are in such a fine state of subdivision that they appear 
amorphous towards X-rays. They accordingly have an enormous surface area, on 
which water is so firmly bound by adsorption (and, to some extent, by capillary 
action—cf. p. 684) that it has been possible only in a few isolated cases to deter¬ 
mine whether water is also present in the precipitates in a chemically bound state 
(cf. Vol. I, pp. Z^-^etseq., 495). 

If the gels are left in contact with the liquid from which they were precipitated, most of 
them are converted in course of time into solids of crystalline texture, as detected by X-rays. 
This ‘aging’ of precipitates has been demonstrated by Fricke, Huttig, Biltz, Bohm, Simon, 
Kohlschiitter, Weiser, and others. In many cases (SiO,, GcO„ SnO, TiO„ ZrO,, etc.) the 
atoms thereby take up the arrangement found in the crystal structures of the oxides, whereas 
in other cases (AljOa, ZnO, CdO, etc.) the hydroxides are formed. It is impossible to decide 
whether the gels contain the oxides in the one case, and the hydroxide in the other, in 
amorphous form. The name ‘oxide hydrate’ applied to these amorphous precipitates (to 
distinguish them from the hydroxides) expresses this indeterminacy. 

As the examples show, the development of the diffraction pattern of the oxide, and not 
of the hydroxide, during aging of the oxide hydrates, is particularly characteristic of the 
elements of Group IV of the Periodic System. The ability to form well defined hydroxides 
increases rapidly in the main groups on either side of Group IV. In the sub-groups, 
however, the formation of oxides by the aging of precipitates has been observed for a 
number of elements outside Group IV. 

From X-ray investigations of such gels, it is possible not only to ascertain whether the 
substance is amorphous or crystalline (in the latter case, comparison with the diffraction 
patterns of known compounds also indicates which compound is present), but also to 
determine the particle size. As was stated in Vol. I, Chap. 7, the smaller the size of the diffrac¬ 
ting crystallites, the more do the lines of a Debyc-Scherrer pattern become broadened. 
Provided that certain conditions arc fulfilled, it is possible to calculate the particle size from 
the breadth of the^diffraction lines. In comparing particle sizes so determined with those 
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measured in other ways (cf. pp. 667, 669) it must be borne in mind that the ‘X-ray particle 
size’ signifies the volume of space throughout which the crystal lattice is regular and con¬ 
tinuous. Colloidal particles or micelles are generally not single crystals, but aggregates, so 
that it is not usually possible to infer the size of the micelles from the X-ray panicle size. 

(f) Protective Colloids 

Lyophilic colloids confer their own insensitivity towards electrolytes on ans 
lyophobic colloid with whose particles they unite. This can be utilized for the 
stabilization of lyophobic colloids. Lyophilic colloids used for this purpose are 
called protective colloids. 

If, for example, iceof 10% NaCl solution is added to locc ofa 0.005% red gold hydrosol, 
the color rapidly changes to violet, and complete flocculation of the gold particles soon 
ensues. However, if a hydrophilic colloid such as gelatin is previously added to the gold 
solution, the color change due to particle growth does not take place, and there is conse¬ 
quently no flocculation. The amount of the protective colloid, in mg, which just suffices to 
protect a gold hydrosol, under specified conditions, from the color change which heralds 
flocculation, was called by Zsigmondy its gold number. Corresponding use may be made of the 
silver number, sulfur number, prussian blue number, etc. (or quite generally the protective 
number), depending on the hydrophobic colloid used for test of protective action. Under 
the conditions given above, gelatin and glue have a gold number of 0.005, albumen of 0.2, 
potato starch of 25. The quantities necessary to achieve a certain protective effect thu« differ 
widely for different protective colloids, and the protective action also depends upon the 
state of the protective colloid. Thus freshly precipitated tin dioxide hydrate has a protective 
effect towards gold (purple of Cassius, cf. p. 421), but the aged dioxide hydrate has no 
effect at all. The gel obtained by evaporating a sol which contains a protective colloid can 
be brought directly into solution again, provided that the protective colloid has suffered no 
change. This property is used in preparing ‘soluble’ gels of lyophobic substances, especially 
the metals (e.g., protargol, p. 396). The necessary quantities of protective colloid for stabili¬ 
zation of such a sol are often extremely small. As the above figures show, 0.005 mg of gelatin 
suffice to protect 100 times that weight of gold against flocculation by NaCl in 0.2 normal 
solution. 

If lyophilic colloids are used in amounts which arc considerably less than the protective 
figures, many sols display an enhanced sensitivity towards electrolytes (‘sensitization’). 

(g) Surface Activity of Colloidal Substances 

Colloidal particles have an enormous surface area, as compared with coarsely 
disperse substances. 10.5 g of silver, which would form a cube of i cm side and 6 cm* 
area in the compact form, could be subdivided into 10^* cubes of 100 m^ side, with 
a total area of 60 sq. meters. If subdivision were taken further, 10** cubes of 1 m/i 
side could be formed, with a total surface of 6000 sq. meters. In passing from the 
coarsely disperse to the colloidally disperse state there is thus an extraordinary in¬ 
crease in surface area, and this results in a corresponding increase the so-called 
surface forces. Substances in the colloidal sUte are therefore always ‘surface- 
active’, as is shown, for example, by their strong adsorptive properties. This is the 
basis of the wide use of colloidal substances as adsorbents. It is possible to draw' 
certain conclusions as to the surface area from measurements of adsorptive power, 
and this provides another means of determining the particle size of colloidal 
materials. Surface activity is also associated with the strongly enhanced catalytic 
properties exhibited by many substances when present in the colloidal state 
(Chap. 17). 
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4. Surface Phenomena 

I he existence of surface forces [8, 33, 34] is to be explained by theincomipete 
saturation of the valence forces of atoms or ions in the surface layers. In sodium 
chloride, for example, every ion in the interior of the crystal is surrounded by 6 
oppositely charged ions, whereas an ion lying in a cube face has only 5 neighbors 
cf. Vol. I, p. 209, Fig. 44). The ions in the surface are thus coordinatively un¬ 
saturated. In substances which form body-centered cubic structures, such as Mo, 
W, or a-Fe, every atom in the surface has 4 unoccupied coordination positions, and 
the same applies to elements crystallizing in the face-centered cubic system, such as 
Cu, Ag, Au, and y-Fe. For atoms or ions situated on edges or corners, the number 
of unoccupied coordination positions is still greater e.g., in the NaCI structure it 
is 2 for ions on cube edges, or 3 for ions on corners. The energy liberated by the 
saturation of the free coordinative valences at the surface (including edges and 
corners) is the surface energy. It follows from the foregoing that the surface energy of 
any substance depends upon the physical form of the substance, and rises rapidly 
with the degree of subdivision: not only does the surface (in the narrower sense) 
increase, but the total length of the edges and the number of comers thereby in¬ 
crease even more*. 


Surface forces are also exerted by crystals which are built up from molecules, and arise in 
this case from the unsaturated Van der Waals force fields of the molecules in the surface. 
The same is true of liquids. 

The surface energy can be decreased (i.c., the surface forces may be saturated) 
either by the addition of foreign molecules to the surface (adsorption) or by a 
decrease in surface area. The latter can be achieved by a change in shape or by a 
decrease in the degree of subdivision. Liquids take up a spherical shape, except in 
so far as they are hindered by external forces, since the sphere has the smallest sur¬ 
face: volume ratio. Small droplets unite to form bigger drops (agglomeration). 
Crystallites of solids attempt to grow similarly, either by growing together direedy 
(cf. rccrysiallization, Chap, ig), or by the growth of large crystals at the expense of 
smaller ones, which dissolve or evaporate. 

It follows from the increase in energy with the degree of subdivision that the vapor 
pressure and the solubility of any substance must increase as the particle size is reduced. 
However, such changes in vapor pressure or solubility make themselves felt only as the 
state of subdivision approaches that of the colloidally disperse state. With moderately 
sparingly soluble substances such as gypsum, the increase of solubility for very small 
particle sizes is quite measurable. With very insoluble substances it is usually impossible 
to measure the solubility accurately enough to determine the effect of particle size on solu¬ 
bility. However, the decrease in surface area that accompanies grain growth can generally 
be detected by the decrease in adsorptive properties as precipitates age**. Particle growth 
takes place so rapidly for freely soluble substances that these are, in practice, never obtained 
in a very fine state of subdivision. 

* If a cube of i cm side is subdivided into cubes of 100 m/i, the surface area is increased 
in the ratio io‘ : i, the total edge length by 10^” : i, and the total number of comers by 
10'^ : 1. It is to be noted, however, that a real solid does not have a completely smooth 
surface, so that a real cube always has a larger surface, and a greater lengdi of edge and 
number of angles than would be assigned to its idealized form. 

*♦ Aging of precipitates is, however, often accompanied by other effects than grain 
growth—e.g., by transformation to other modifications. 
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(a) Adsorption and Absorption 

(i) Adsorption [33-37] is the concentration ofagaseous or dissolved substance at 
the surface of a solid or liquid. If the substance penetrates into the interior (as in the 
pick-up of hydrogen by palladium, or the dissolution of a gas in a liquid), the 
process is known as absorption. It is also possible for gases or vapors to be condensed 
by the action of capillary’ forces in the void spaces of porous substances (p. 684), 
and this is known as capillary condensation. It is not always known which of these 
phenomena is responsible for the observed effects, and their actions may be 
superposed. In such cases the general term sorption is used. 

The body on which adsorption takes place is called the adsorbent, and the sub¬ 
stance which is adsorbed is the adsorbate. For the case of sorption, a similar distinc¬ 
tion is drawn between the sorbent and the sorbate. The process of remov'al of a 
sorbed substance from or out of the sorbent is called desorption. 

Adsorption is accompanied by the evolution of heat (the heat of adsorption), since 
the surface energy of the solid is lowered. It follows from Le Chatelier’s principle 
that adsorption diminishes with rise of temperature. The same is generally true 
for sorption (cf. Fig. 90, p. 681). 

At constant temperature, the adsorption is proportional to the quantity (more 
strictly, to the surface area) of the adsorbent. It also depends on the concentration 
of the adsorbate in the gas phase or in the solution from which adsorption occurs. 
The mode of dependence upon concentration differs in a characteristic way from 
that which governs the equilibrium of a gaseous or dissolved substance with a 
solvent. The latter is usually directly proportional to the density (or partial 
pressure) of the gas, or to the concentration of the dissolved substance. Adsorption 
generally rises very rapidly at low concentrations of the adsorbate, and then in¬ 
creases relatively little at higher concentrations. This is illustrated by Fig. 89, 



Fig. 89. Absorption isotherm (I) and adsorption isotherms (II) to (V). 


where the straight line I represents the relation between the pressure of a gas and 
its absorption by a liquid as governed by Henry’s law, while curves II-V represent 
the adsorption of gases by solids, also as a function of the pressure. 
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Henry’s law states that the solubility of a gas in a liquid or solid is proportional to its 
partial pressure—i.c., 

c = p X const. (4) 

where c is the concentration in the liquid, and p is the partial pessure in the phase. 
Henry's law is valid when the dissolved substance neither combines with the solute, nor 
undergoes dissociation in the process of dissolution. It also holds for the absorption of 
cases by solids when these assumptions are valid. If, as in the absorption of hydr^cn by 
palladium and other metals, the molecule dissociates into two atoms, the solubility is 
proportional to the square root of the pressure of the undissociated gas: c — X coMt. 

The partition of a substance between two solvents is governed by a law similar to that 
defining distribution between a solvent and the gas space: 


*£l = const. (5) 

Ct 


(f, c, are concentrations in solvents 1,2) i.e., a substance distributes itself in a constant ratio 
between two solvents, provided it has the same molecular complexity in each. If it is present 
in monomolecular form A in one solvent, and as polymeric molecules in the other, so 
that the dbtribution involves the equilibrium nA ^ A^, then 


= const. ( 6 ) 

(Nemst’s distribution law). 

A formally similar relation has been found for the variation of adsorption with gas pressure 
or concentration: 

a = k- (7) 

(Ostwald’s adsorption isotherm). 


Here a is the quantity adsorbed per unit weight of the adsorbent*, when the concentration 
of adsorbate in the gas space or the solution is c. k and n are constants, depending on the 
nature of adsorbent and adsorbate, and on the temperature. The similarity between eqns 
(6) and (7) is purely formal, however, and does not imply any underlying relationship 
between the two cases. Eqn. (7) cannot be deduced theoretically, as (6) can be, and it can 
indeed be shown that (7) only holds over a limited range of concentrations {8, 55]. This 
restriction was pointed out by Ostwald (1905) when he first put forward the emprical 
formula. The isotherm is often used in practice, and n generally has values between 1.5 and 

5. In logarithmic form, eqn (7) becomes log a = const. + - log a —i.e., the equation of a 

straight line. ” 

Langmuir (1918) and others have framed adsorption isotherms with some theoretical 
foundation. On the assumption that adsorption takes place chiefly in such a way as to form 
monomolecular layers, Langmuir arrived at the formula 


a 


a- P ' p 

I+P-P 



where a, as before, is the quantity adsorbed per unit weight of adsorbent, p is the pressure of 
adsorbate in the gas phase, and a and P are constants depending on the other experimental 
conditions. Under the conditions where the basic assumptions are valid, the Langmuir 
isotherm agrees well with the experimental facts. In practice, however, the underlying 
assumptions are often not valid, and eqn (8) therefore often does not reproduce the oi^r> 
vations any better than Ostwald’s isotherm, especially for strongly adsorbed substances. The 
same limitation applies to other isotherms with a theoretical basis [55]. Krohn (1937) 

♦ Since the true surface area of solids is usually unknown (cf. footnote i to p. 678), the 
quantity adsorbed is generally referred to unit weight of solid, on the assumption that for 
any one adsorbent the surface area is proportional to the weight of the sample. 
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proi^sed an empirical isotherm which holds over a wider range than Ostwalcl’s, and is more 
suitable for strongly adsorbed substances than Langmuir’s. This is 


(a + «)* — fC(p + (i), or 2 log(<j + a) = log A" + Iog(/> -f 



(ii) Sorption of Gases. Extensive use is now made of the sorption of gases by 
surface-active substances—e.g., for the recovery of the vapors of volatile solvents. 
For this purpose, porous sorption agents are used, with strongly developed internal 
surfaces—e.g., specially prepared wood charcoals (active charcoals) and silica gel. 
In such materials the phenomenon of capillary condensation is often superposed on 
the adsorption of gases. Fig. go (cf. also Vol. I, p. 425) shows how sorption by 
active carbon varies with the nature of gases or vapors, and with temperature. 

The rate of adsorption of gases is generally very high, and for materials with an 
exposed surface, equilibrium is usually established within a few seconds. With 
substances such as charcoal and silica gel, in which adsorption on inner surfaces 
can take place only after the occurrence of diffusion through narrow and relatively 
long capillaries, adsorption equilibrium is established correspondingly slowly. 


(iri) Activated Adsorption. In many cases it is found that the quantity of gas adsorbed falls off 
with rising temperature only until some definite temperature is reached, and that adsorption 
then increases strongly with further rise of tem¬ 
perature. Since the heat of adsorption is positive, 
this can only mean that some other process invol¬ 
ving absorption of heat, is super-imposed on the 
adsorption. In certain instances it has been possible * 
to show that the process concerned is the dissocia¬ 
tion of the adsorbed molecules into atoms or free 
radicals. In other cases, the phenomenon is due to 
an endothermic dissolution of the adsorbed sub¬ 
stance in the adsorbent. The two processes (dissoci¬ 
ation and dissolution in the solid) may be asso¬ 
ciated with each other. Thus H, is only adsorbed 
on Ni or Cu at temperatures up to about too® K. 

Above this temperature, the adsorption involves 
dissociation into H atoms to an increasing extent, 
and at the same time the H atoms dissolve in the 
metal (Benton, 1931). The same phenomena may 
be observed when the adsorbed substance com¬ 
bines chemically with the adsorbent {chemisorp- * 
tion), since such combination must in general 

be preceded by the dissociation of the reacting Fig. go. Sorption of various gases by 

molecule. In either case, the increase of adsorp- active charcoal at various tempera- 

tion with rising temperature is due to the fact that turcs (according to Rcmy and Hene. 
some process occurs which requires an energy of ac- *932)* 

livation (cf. p. 698). For this reason, H. S. Taylor Ordinates: temperatures in ®C. 

(1931) called the phenomenon activated adsorption. Abscissas: quantity of gas absorbed, 

(iV) Adsorption from Solutions. There is no simple cm®, referred to 15 ®C and i atm 
and general relation between adsorption of gases pressure, 

and adsorption of substances from solution. It 

does not follow that an adsorbent which is very efficient for gases will necessarily be parti¬ 
cularly good for dissolved substances, or vice versa. The nature of the solvent is very im¬ 
portant in adsorption from solutions. A solvent which is itself very strongly adsorbed 
decreases the adsorbability of substances dissolved in it. 

(v) Adsorption of Electrolytes. One species of ion is generally adsorbed preferentially from 
electrolyte solutions—either the anion or the cation, depending on the nature of the ad- 
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sorbent. It is also common for the adsorption of electrolytes to result in a change inthcpH 
of the solution. Thus if manganese dioxide hydrate is introduced into potassium cUoride 
solution, the potassium ion is preferentially adsorbed. At the same time, the solution be¬ 
comes acidic. This is because the manganese dioxide hydrate exchanges the ions which it 
adsorbes for H* ions which it gives up to the solution. Electrolytes are generally adsorbed 
only in relatively small amounts. Simple ions of the same sign do not differ very widely 
among themselves in adsorbability. The lower the degree of hydration of ions, and the 
larger their charge, the more strongly are they usually adsorbed. 

(vi) Selective Adsorption. .Adsorption of a strongly adsorbed material greatly diminishes the 
capacity of an adsorbent to take up a less strongly adsorbed substance. For this reason, it is 
often possible in practice to take out only the most strongly adsorbed component from a 
mixture of several substances, which are adsorbed to different extents. (Selective adsorption). 

The process of chromatographic separation is based on this selective ad¬ 
sorption of dissolved substances [38,39]*. A solution containing substances 
A, B, C... etc., which differ in their adsorbability, is sucked through a 
glass tube which is packed with a suitable adsorbent. The uppermost 
layer retains praclially only the most strongly adsorbed substance A, and 
only when this has been removed from solution does adsorption of the 
next substance B take place on a lower layer of adsorbent, the surface 
of which has not yet been covered. Adsorption of C, in turn, takes place 
still lower down the column. If the adsorbed substances are colored, their 
selective adsorption results in the formation of a series of colored rings, 
which render the separation very evident. (Hence the name ‘chromato¬ 
graphy’). The extent of separation can be greatly enhanced by a sub¬ 
sequent elution with a suitable pure solvent (selective desorption). 

The value of chromatography as a method for separating inorganic 
ions was first demonstrated by some instructive experiments of Schwab 
and Jockers (1937). The technique has since been considerably developed, 
especially through the use of cellulose (in the form of filter paper strips, 
or columns of cellulose pulp) as the adsorption medium (Burstall 
1949 and later). [.fo~42] In this form it can be used to effect microchemical 
separations in analytical work, and for the extreme purification of many 
metals. [See Burstall, Davies, Linstead and Wells, J. Cfum. Soc., (1950) 

Selective adsorption from aqueous solutions provides an explanation 
for the observation frequently made in geology and soil science, that 
certain compounds are often highly enriched in strata containing large 
amounts of colloidal material. 

The industrial recovery of volatile solvents, by adsorbing their very dilute vapors from 
air, by means of active carbon or silica gel, is another example of selective adsorption. It is 
also possible to apply the chromatographic principle, of successive adsorption on a column 
from a flowdng system, to the separation of adsorbable gases or vapors. 

(b) Monomolecular Surface Layers [34] 

The spreading of oil films, etc., on water is related to the phenomena of adsorption. If the 
surface of the water is large enough, in comparison with the quantity of oil used, spreading 
results in the formation of a monomolecular layer of oil on the surface. If polar molecules, 
such as those of the fatty acids, are spread on water, the long-chain molecules take up 
a definite orientation within the monolayer, such that they are almost perpendicular to the 
water surface, with their polar ends (i.c., the —CO,H groups, in the case of fatty acids) 
directed towards the aqueous layer. The nature of such films was established by Langmuir 
(> 9 > 7 ). and has been extensively investigated by Adam and others. There is no doubt that 

• The method of chromatographic adsorption was devised in 1906 by the Russian 
botanist Tswett, who was able to separate the pigments of leaves, by using powdered 
CaCOj as an adsorbent. The process was later highly developed by Kuhn, Zeehmeister, 
Karrer, and others, and has been used with great success for the separation of organic 
natural products, 



Fig. 9 «- 
Chromato¬ 
graphic 
adsorption. 



4 


SURFACE PHENOMENA 


68 ;i 


similar phenomena are associated with adsorption at solid surfaces—i.e., there is the sane 
tendency to form monomolecular layers, in which polar molecules are adsorbed in surh a 
way as to be oriented. 


(c) Surface Tension and Capillary Forces 

(t) Surface Tension. The free surface energy per unit area is known as the surface 
tension. The surface tension of liquids can be measured directly, since it is possible 
for their surfaces to be enlarged or decreased by changes of shape. 

The increase aF in the free energy of a liquid, as a result of an increase Ad in the area 
of its surface, is given by the quantity of work which must be e.xpended to enlarge the surface 
by this amount, i.e.. 

AF = o - Ad (lo) 

where n is the surface tension. Surface tension can therefore be defined as work per unit 
area, or as force per unit length, and may be mea.sured in ergs per cm* or, more usually, 
dynes per cm. 

The surface tension depends on the nature of both substances which meet at an interface. 
Thus the surface tension of water is 72.7 dynes per cm against air, or 413 dynes per cm 
against mercury (at 20 ). Surface tension diminishes with rising temperature, indicating 
that heat is absorbed in the process of increasing the surface. The total surface energy is 
given by the sum of the heat added to the system and the work done. The latter measures 
only the free surface cncrg>'. 

(11) Gibbs Adsorption Law. Gibbs deduced from thermodynamic reasoning a direct 
relation between the surface tension of liquids and adsorption. This can briefly be stated as 
follows. A gas or dissolved substance becomes concentrated at the surface of a liquid (is 
‘positively’ adsorbed) if it lowers the surface tension of the liquid. It is ‘negatively’ adsorbed 
(i.e., its concentration at the surface is lower than in the interior of the liquid) if it raises the 
surface tension. Dissolved inorganic salts raise the surface tension of water towards air. 
Hence the concentration of a salt at the surface of a solution is smaller than in the interior. 
Some observations suggest that the surface layer in many salt solutions consists essentially of 
pure water. 

(m) Capillary Tubes. The rise of liquids in narrow tubes (provided that the liquids wet the 
walls) is explained by surface tension. If a capillary tube is dipped into a liquid which wets 
it, the whole wall becomes covered by a film of liquid. The surface tension decreases the 
area of this liquid film by sucking the liquid up into the capillary. The work done in raising 
a column of liquid of density d and height A in a tube of radius r by an amount dA is: 
Ttr* ■ h ■ g ■ d • dh (where g is the gravitational constant). In rising by the amount dA within 
the capillary, the area of the liquid is decreased by 2nr ■ dA, and the free energy is thereby 
diminished by 2nr • a ■ dA. Hence 

m* ■ h • g ■ d • dh = 27 ir • a ■ dA, or a = \r • h • g ■ d (11) 

The surface tension of liquids can therefore be conveniently determined by measuring the 
capillary rise A in a tube of known radius. 

If the liquid does not wet the wall of the tube (as, for example, mercury in contact with 
glass), the liquid meniscus within the tube is depressed as compared with a free surface. 
The displacement is a capillary depression. In this case also the non-wetting substance 
attempts to decrease its surface. It can be shown that the surface tension is given by (i r), 
except that A is now the capillary depression. 

(iv) Surface Curvature and Vapor Pressure. It is familiar that the liquid meniscus in a tube is 
concave upwards if the liquid wets the walls, and convex if it is non-wetting. In the former 
case, since the liquid in the tube stands at a higher level than that outside, the concave 
meniscus surface supports a column of vapor of smaller height than that bearing on the flat 
liquid surface outside the tube. In the equilibrium state, the height of vapor bearing on the 
liquid surface at each point must be the vapor pressure of the liquid. It therefore follows 
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that the vapor pressure of any one liquid, must be smaller when the surface is concave than 
when it is flat. Conversely, a convex surface has a higher vapor pressure than a flat surface. 
I'his is quite generally true—e.g., for the surface of droplets. The vapor pressure over a 
convex surface increases as the curvature gets greater and Lord Kelvin (1871) deduced the 
thermodynamic relation 


6, Af 2a ( i i\ 

pr Rf ~d \ 7 .-tJ 



Pi, Pi arc here the vapor pressures of drops ofradiusr„f„respectively,aisthesurfacctension, 
d the density of the liquid and M the molecular weight of its vapor. The increase of vapor 
pressure due to convexity of the surface becomes at all appreciable only in the size range of 
colloidal subdivision. Water drops with a radius of lO"* cm have a vapor presstire only 
about o. t higher than that of a flat water surface. If the radius is reduced to I0“* cm, the 
\ apor pressure rises by 10%, and if the radius of the droplet is reduced to iO“’ cm (10 A), 
it is about ioo‘’o higher than that of a flat surface. 


(y) Capillary Condensation. One result that may follow from the lowering of vapor 
pressure over concave surfaces is that unsaturated vapors may undergo conden¬ 
sation in very fine capillaries such as are found in dried out gels and other fine 
pored materials (e.g., wood charcoal). This phenomenon is known as imbibition 
or capillary condensation. It may be observed, for example, when water vapor is 
taken up by a dried out silica gel at constant temperature and progressively higher 

vapor pressures (Fig. 92). 

Water is at first adsorbed on the surface of 
the capillaries which penetrate the gel. During 
this stage the vapor pressure rises very markedly, 
but the gel remains clear and transparent. 
From the point Oj onwards the gel becomes 
turbid, but becomes transparent once more at 
the point O,. Between these two ‘transforma¬ 
tion points’ the vapor pressure rises but little 
for a considerable increase in water uptake. It 
is also found that over this range, and with a 
gel containing air in its pores, the uptake and 
lose of water vapor are never strictly rever¬ 
sible. As shown by the arrows in Fig. 92, 
diffeVent vapor pressure curves are trac^ out 
during the uptake and the loss of water (‘hyste¬ 
resis’). Beyond the point 0 „ the uptake and 
loss of water are again quite reversible, and 
the vapor pressure again rises much more 
strongly with increases in wafer content until 
at 0, the saturation vapor pressure of water 
at the experimental temperature is reached. From this point onwards, of course, any amount 
of water vapor can be condensed on to the gel at constant pressure. 

Except for the hysteresis, the form of the curves resembles those obtained in the isothermal 
formation or degradation of a chemical compound (cf. Vol. I, p. 74, Fig. 15). However, the 
almost horizontal course of the curve between the points O, and O, in Fig. 92 is not due to 
the formation of a chemical compound, but to the fact that water vapor is taken up by 
capillary condensation within this range. If all the capillaries in the gel were of the same 
radius, condensation of water vapor would take place at constant pressure. They act uall y 
vary in diameter, so that the finest capillaries are filled first, and then at progressively 
higher pressures the larger ones in which the liquid meniscus is less strongly curved, and in 
which the vapor pressure is lowered to a smaller extent. Between the transformation points 
the gel is opaque, as a result of the existence of air bubbles in the incompletely filled capil¬ 
laries. The observed hysteresis is due to the work required for the expulsion of air from the 



Fig. 92. Adsorption and desorption of 
vapor by silica gel (according to 
Anderson). 
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capillaries. If the air is completely removed before the experiment, no hysteresis is observed 
(Fatnk, 1920). If other vapors, such as benzene vapor, are admitted to the gel in place of 

water vapor, the point O, is reached when the same volume of liquid has been taken up_i e 

when the void spaces have been filled up (cf. Fig. 92). ^ ’ 

It is possible to calculate the diameter of the capillaries from the vapor pressures at which 
condensation occurs. For the gel to which the curves of Fig. 92 relate, a capillary diameter 
^ 2.6 is obtained from the point 0,, and point 0, corresponds to a diameter of 5.6 mw 
The values deduced are almost independent of whether the calculations were based on the 
vapor pressures of water, alcohol, or benzene at the points O,, O,. These values indicate 
that capillary condensation plays an important part only for extremely fine-pored sub¬ 
stances, and even then only at vapor pressures close to the saturation pressure of the 
absorbed vapor. 

(w) Electrocapillary Phenomena [23]. If an electrical potential is applied between 

the ends of a capillary filled with liquid, the liquid is displaced along the tube_ 

evidence that the liquid is charged relative to the wail of 
the tube. The direction of migration (i.e., whether the 
charge is positive or negative with respect to the wall) 
depends upon the substances making up the liquid and 
wall, respectively. The phenomenon can be particularly 
clearly demonstrated if a system of capillaries, such as a 
porous pot, is used instead of a single capillary. If this is 
filled with water or other liquid, and closed with a stopper 
bearing a vertical tube, the liquid will rise in the tube when 
the direction of the applied potential is appropriate. The 
phenomenon is known as electroosmosis. 

The electrical charge on the liquid relative to the wall—or rela¬ 
tive to an immobile layer of liquid immediately adjacent to the 
wall—is due to a transference of ions to this layer from the interior 

of the liquid, or vice versa. It thus involves an electrical charge effect arising from 
adsorption, and studies of the effect may throw light on the nature of the adsorption 
process. The phenomenon of cataphoresis discussed earlier has the same basis as electro¬ 
osmosis; in one case the solid particles move with respect to the liquid, and in the other the 
liquid is displaced with respect to a solid wall. 


4 - 



Fig- 93 - 
Electro-osmosls. 


From the principle of action and reaction, it follows that if an applied potential 
brings about the displacement of a liquid in a capillary tube, then conversely the 
movement of a liquid through a capillary must give rise to a potential difference 
between the two ends of the tube. This can, in fact, be observed when a liquid flows 
through a capillary, and is known as a streaming potential. 


From measurements of the streaming potential it is possible to derive directly the differ¬ 
ence in charge between a liquid and a solid in contact with it, or the potential difference 
which corresponds to this difference in charge. According to Helmholtz (1879), this 
potential difference C is given by 


PD 



where t] is the viscosity, x the specific electrical conductivity, D the dielectric constant of 
the streaming liquid, P the pressure under which the liquid is forced through the capillary, 
while E is the measured streaming jxitential. 

An exactly similar formula holds for electroosmosis. The quantity of liquid (measured by 
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its volume f) transported per unit of time through a capiUary of diaphragm of cross section 
q, under the action of a potential gradient £, is given by 


471 ri 



The velocity of movement of the liquid within the capillary, u, is 

ti -- 

4:1 r) 



Equation (15) also holds for the velocity of cataphorctic migration of particles suspend^ in a 
liquid, except that for spherical particles the factor 6 is substituted for the factor 4 (which is 
valid for cylindrical particles). D, C and rj have the same meanings in eqns (14) and (15) as 


in cqn (13). r u 

The potential difference C (the ‘zeta-potential’) gives a direct measure of the charge 

conferred on a solid by a liquid, as a result of adsorption of ions. Measurements of this afford 
a direct insight into the processes of adsorption and particle charging which are involved 
in the flocculation and peptization of colloids. It can be proved, for example, that when 
electrolytes are added to a liquid, ions of one or other sign arc always preferentially adsorbed 
(either the cations or the anions), but that at the same time adsorption of the other ions 
also takes place, to a smaller extent. This is shown in that the zeta-potential always de¬ 
creases again with increasing concentration of electrolyte:—i.e., the charge on the solid 
phase, with respect to the liquid, diminishes. This phenomenon can be understood from 
the t^^ical form of the adsorption curves (Fig. 89, p. 679). When the preferentially ad¬ 
sorbed ion has reached a certain concentration in the solution, the additional amount ad¬ 
sorbed increases but little when the concentration is raised further, whereas for the more 
weakly adsorbed ion the part of the adsorption curve with a small slope has not yet been 
reached. When the concentration of the electrolyte is raised further, the adsorption of the 
less strongly adsorbed ion is therefore augmented, whereas that of the more strongly ad¬ 
sorbed ion remains practically unchanged. The ratio between the amoimts of the ions in the 
surface layer is thus displaced in favor of the more weakly adsorb^ ions, and the resultant 
charge due to the more strongly adsorbed ion is therefore diminished. 


5* Emulsions and Emulsoids 

A liquid containing suspended droplets of another liquid is called an emulsion. 
Following Wo, Ostwald’s usage, colloidal emulsions are called emulsoids*y as distinct 
from suspensoidsy which arc colloidal solutions of solid substances. Milk, in which 
droplets of fat are dispersed, is an example of an emulsion. 

Formation of emulsions is especially favored between liquids which do not differ 
too much in density, and which have only a small interfacial tension. The inter¬ 
facial tension** results in a strong tendency of the droplets to agglomerate. 
Emulsions arc therefore generally stable only when they contain added substances, 
known as ‘emulsifiers’, which are adsorbed at the surface of the droplets, and there¬ 
by alter the conditions. [8y 28] 

Emulsions are often of great technical importance [29], and play an especially great 
role in the oil and fat, rubber, paint and varnish, adhesives, and plastics industries. Thc) 

* The terms ‘emulsoid’ and ‘suspensoid’ are often applied also to the sols of lyophilic and 
lyophobic colloids, respectively, without regard to the state of aggregation of the disperse 
phase. However, it is better to avoid the usage of these expressions in this altered sense, in 
order to prevent misimderstanding. 

•• I.e., the surface free energy of a liquid-liquid interface. 
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also find uses in the cellulose, paper, and fiber industries and in leather manufacture. Aque¬ 
ous emulsions of bitumen and similar materials are used In road surfacing. 

The destruction {‘breaking’) of emulsions is an important problem in sewage purification. 
For the removal of oil from the condenser water of steam engines, in which it forms an 
extremely stable emulsion, use is being increasingly made of electrolytic methods. These art- 
based on the cataphorelic migration of the negatively charged oil droplets towards the 
anode, where they are adsorbed by a precipitate (e.g., of basic iron carbonate, when iron 
electrodes are used) which is deposited simultaneously. 

It is probable that a large number of the sols of lyophilic organic colloids belong 
to the class of colloidal emulsions or emulsoids. Thus it is generally assumed that 
gelatin is present in the liquid state in its hydrosols. Mercury sols can be cited as an 
example of emulsoids of a hydrophobic colloid. 


6 . Aerodisperse Systems 


(a) Foams 

Foams are disperse systems in which a gaseous disperse phase is enclosed by thin 
lamellae of the liquid dispersion medium. The gas bubbles of the disperse phase 
may be visible to the naked eye, or may be microscopic or ultramicroscopic in size. 
In the last case, a colloidal foam is formed. 

Surface tension is even more important for the stability of foams than for that of 
emulsions. In accordance with this, stability of foams is favored by a low surface 
tension at the liquid-gas interface. The viscosity of the liquid is also of some 
importance. 

The dispersoid is charged relative to the dispersion medium in foams also, and the greater 
the charge, the greater is the stability of a foam. Substances dissolved in the dispersion 
medium alter the surface tension and the charge, and thereby exercise a strong influence 
on the stability of foams. Because of its high surface tension, pure water is unable to form a 
stable foam with air. Addition of soaps and similar substances can transform water into a 
good foaming medium. 

Solid substances present in a fine state of subdivision can have an extraordinarily great 
effect on the stability of foams, and it is the lyophobic solids which stabilize them. Lyophilic 
solids have little or no effect on foam stability. These effects of solid particles and other 
additions on the formation of foams and froths are of great importance in the flotation of 
ores (cf. p. i6r). 

Certain ghicosides, the saponins, have the property of depressing the surface temion of 
water especially strongly, and therefore act as highly efficient foaming agents. Addition of 
10 mg of saponin per liter makes water foam strongly. The action of these substances at such 
low concentrations is explained by the fact that, in accordance with Gibbs adsorption law, 
they arc concentrated almost exclusively in the surface layer. 

(b) £lectro 8 tatic Char gin g of Gas Bubbles in Liquids 

When gas bubbles are allowed to percolate through a column of liquid, they acquire an 
electric charge, as was first proved by Coehn (1914). The magnitude and the sign of the 
charge are dependent on the concentration of the solution through which the bubbles pass 
(cf. Remy and Koch, 1924). In general, however, the bubbles pick up a positive charge in 
acid solutions^ and a negative charge in alkaline solutions. If they are passed into an alkaline 
solution through a porous wall—e.g., through a ceramic filter, or fritted glass disc, the bub¬ 
bles formed are so fine that the liquid acquires a milky turbidity. If they are passed into an 
acid solution, they form big bubbles which stick to the wall. This can be explained by the 
fact that most porous media become negatively charged with respect to both acid and alka- 
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line solutions. If the gas bubbles also become negatively charged, they arc at once repelled 
from the walls as they emerge from the capillaries, whereas with the converse charge they 
are attracted to the wall, and can therefore grow to a considerable size (Kautsky, 1926). 
This phenomenon has to be borne in mind when it is desired to bring gases or aerosols into 
intimate contact with some absorbent liquid. 

(c) Aerosols [jo-jj?} 

.Aerosols are systems formed by suspensions of solid or liquid particles in air or 
other gases. Systems with solid suspended particles are c/us/s, those with liquid 
suspended particles are called Jogs. Very finely disperse aerosols are often formed 
by the combustion of solid or liquid materials, and systems containing the solid 
products of combustion are known as smokes*. 

Atmospheric fogs and clouds arc examples of aerosols. Finely disperse aerosols are only 
slightly turbid, except in very thick layers. Aerosols are encountered extremely frequently. 
Thus ordinary air is. strictly speaking, not a pure gas but an aerosol. A strong beam of light 
shining through it shows up the suspended particulate matter (motes of dust in sunlight— 
cf. p. 6671. Denser aerosols are often formed in chemical and physical processes involving 
gases and liquids (or their vapors), or by the reaction of gases with solids at high tempera¬ 
ture's. 

The amplitude of the Brownian movement of the suspended particles is often an 
important factor in determining the stability of aerosols. If this is small, the 
aerosols are quite stable, provided that the gravitational settling of the suspended 
particles is opposed by convection of the gas which carries them. Particles sus¬ 
pended in aerosols of this kind are not readily influenced by chemical means. Thus 
a fog containing suspended droplets of sulfuric acid will pass almost unchanged 
through water, and is still less absorbed by concentrated potassium hydroxide 
(Remy, 1924, 1927). This is because by far the greatest number of the particles are 
never brought into contact with the absorbent, by reason of their slight Brownian 
movement. This is of importance in the analytical investigation of gases, when 
tests have to be made for impurities present as particulate suspensions. 


It was formerly considered that the vapor pressure equilibrium at the surface of the 
droplets was an important factor in the stability of fogs. As shown on p. 683 etseq., the vapor 
pressure over a convex surface is greater than that over a plane surface. It is therefore 
possible for a solution in the form ofsufficiently fine droplets to have the same vapor pressure 
as a plane, or slightly curved, surface of the pure solvent. However, this has no significance 
for the stability of fogs. If the droplets coalesce with each other or with the solvent, the 
vapor pressure falls in any case, as a result of the decrease in curvature. Thus encr^ is 
necessarily liberated by coalescence of droplets. 

Very finely disperse suspended particles in gases clump together fairly rapidly if they are 
uncharged and if the aerosol is not too highly diluted. In this process, fog particles tend 
towards a fairly definite particle size (2.5 • lO"* cm), and when this has been reached the 
5*924^ agglomeration practically ceases, even in relatively concentrated aerosols (Remy, 

Suspended particles formed by chemical processes usually bear no electric charge (Remy 
1924), unlike the atmospheric fogs. The particles of artificial aerosols acquire a charge only 


f extended to include colloidal dusts. However, the 

SD^dri nlr^Tk^ by combustion processes are of such great practical importance that a 

combustfo^^ suspended particles arc often present together in the smokes formed by 
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after some time, through adsorption of gasrousion^ from tiu- air. and roughly equal numbers 
of positively and negatively charged particles are formed thereby (G. Jandcr. 1933 '- It i' 
likely that the charge is important for stability in the case of very finely disperse aerosols, 
with a lively Brownian movement, but not for the less finely disperse systems. .\o etfert of 
surface tension on stability has as yet been observetl. 

Two principal methods are used industrially for the removal of particulate 
matter suspended in gases. Relativ’cly coarse dusts arc removed by sedimentation 
(in dust chambers). Finely dispersed suspensions are most efficiently treated l)\ 
electrostatic precipitators (Cottrell dust separators), in which the aerosol passes over a 
series of ‘spray electrodes’ supplied with rectified (direct current) high voltage 
current. The suspended particles are thereby charged electrically, and settle out 
on an oppositely charged (or earthed) electrode. 

Cloth filters arc often also used to remove dust from flue gases or roaster gases. ‘Cyclone’ 
separators are also used. In the latter, a rotary motion is imparled to the gas by a fan. and 
the suspended particles are flung by centrifugal force to the walls, where they arc deposited. 
It is probable that the action of cloth fillers on finely dispersed particles depends on the 
same effect, brought into play by passage through a labyrinth of narrow channels with many 
changes of direction. Coarser particles are. naturally, retained by the cloths by a pure sieve 
action. 

This impact, or centrifugal, effect on passage through a labyrinth of fine passages is also 
used for the removal of particulate materials in certain respirator filters, such as are used 
industrially to give protection against certain health hazards, and for military purposes, 
against particulate chemical warfare agents. Ordinary respirators only hold back poisons 
present in gaseous form, since their active fillings operate by adsorption, and by chemical 
absorbents. Certain types of respirators arc provided, in addition, with a labyrinth-type 
filler, to remove solid or liquid particulate matter from the air breathed. 


7, Difibrm Systems 

The surface area of a body may be considerably increased not merely by sub¬ 
division, but by change of shape. If a cube is rolled out into a thin sheet, its surface is 
increased to one third of that obtained by cutting it up into cubes with an edge 
length equal to the thickness of the sheet. If drawn into a wire, its area is two 
thirds of that of the total surface of the cubes with an edge the same as the diameter 
of the wire. Thus, by dividing a centimeter cube into cubes of 10 m// side, the 
surface area is increased from 6 cm* to 600 m*; by drawing it into wire of 10 vc\fi 
diameter the surface becomes about 400 m*; or by rolling it into 10 m/i foil the 
surface becomes 200 m*. In systems such as these (called by Wo. Ostwald dijjorm 
systems), surface forces are of great importance, as in colloidal systems. The 
monomolecular surface layers discussed on p. 682 represent an extreme case of a 

difform system. 
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CHAPTER 17 


CATALYSIS AND REACTION KINETICS 


I. Introduction 


(a) Catalysis 

The term catalysis [/-j] is applied to the acceleration of the rate of chemical 
reactions by the addition of substances which are not themselves consumed by the 
reactions—i.e., which appear to act by virtue of their mere presence. Such sub¬ 
stances are called catalysts. The action of catalysts is shown in a particularlv 
striking manner by certain reactions which do not take place at all at a measurable 
rate if catalysts are not present. Thus, in the absence of other substances, hydrogen 
peroxide appears to be absolutely stable, i.e., no perceptible decomposition takes 
place over the period of time involved in an observation. When certain substances 
are added, however, (e.g., finely divided platinum) vigorous decomposition at once 
ensues (cf. Vol. I, p. 55). A similar situation applies to the initiation of the com¬ 
bustion of electrolytic gas (detonating gas) at ordinary temperature by platinum 
black. In such a case it is said that the reaction is initiated by the added substance, 
and from this usage the added substance receives the name of a ‘catalyst* (Greek 
xaTaXuetv = to initiate). If, as in the instances quoted, the catalyst is not present 
in the same phase as the system in which reaction takes place, the process is des¬ 
cribed as heterogeneous catalysis and the catalyst is sometimes referred to as a 
coniact material. If, on the other hand, the catalyst and the reacting substances form 
a single phase (homogeneous) system—as, for example, in the acceleration of the 
decomposition of hydrogen peroxide by OH“ ions—the process is referred to as 
homogeneous catalysis [2]. The substance, or mixture of substances whose reaction is 
speeded up by the catalyst, is termed the substrate of the catalysis 

It is frequently possible for several different reactions to occur in one system. Thus, a 
mixi'Te of CO and H, could react to form CH,OH (cf. Vol. I, p. 429), or CH, -|- H ,0 
(cf. Vol. I, p. 444), or liquid hydrocarbons (cf. Vol. I, p. 431). According to the catalyst 
which is chosen, one or other of these reactions can be so accelerated that it takes place al¬ 
most exclusively. In such cases it is said that the reaction is directed (‘steered’) by the 
catalysis. 

Since the catalyst is not used up in the reaction which it brings about or accele¬ 
rates, it should in principle be possible to bring about reactions between unlimited 
quantities of reactants by means of an indefinitely small quantity of catalyst. In 
practice, however, limits are set to the catalytic power by the fact that the catalyst 
may be gradually consumed by reactions other than that which is being catalyzed, 
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but taking place simultaneously (cf. Vol. I. p. 708). Moreover, the catalyst may 
have its characteristics altered, and be thereby made ineffective, by impurities 
which are present accidentally in the reaction mixture. This is referred to as 
poisoning’ the catalyst, and the impurities responsible are described as ‘catalytic 
poisons’. The poisoning of catalysts is particularly important as an interfering 
factor which accompanies heterogeneous catalysis, as the consumption of the 
catalyst in side reactions is important in homogeneous catalysis. 

In order to have any effect, the catalyst must necessarily come into contact with the 
molecules whose reaction is to be accelerated. The catalytic acceleration of the reaction is 
therefore naturally proportional to the amount of catalyst used, since the larger the 
quantity of catalyst, the greater is the number of molecules of substrate which can reach it 
by diffusion in unit time. The number of molecules of substrate which can come into contact 
with the catalyst per unit of time depends upon the concentration of catalyst, in the case of 
homogeneous catalysis, and upon its surface area in heterogeneous catalysis. The efficiency 
of a given contact material therefore increases with its degree of subdivision (surface per 
unit weight, specific surface). This fact accounts for the especially great catalytic activity of 
colloidal materials [/o]. The catalytic efficiency of substances of appropriate chemical 
nature may be still greater if they arc dissolved in a state of molecular dispersion. According to 
Bredig, colloidal platinum can catalytically decompose many million times its own amount 
of hydrogen peroxide. However, the catalytic acceleration produced by copper ions upon 
the autoxidation of sulfurous acid can still be observed at a dilution of i in 10*, and the 
catalytic acceleration of silver ions upon hemolysis (dissolution of the red blood corpuscles) 
can be detected even at a dilution of i in io‘*(theso>called*oligodynamic’action ofsilver). 

Catalytic processes have become of enormous importance in chemical industry. 
In addition to the large scale synthetic processes discussed in Vol. I, there are 
innumerable other branches of inorganic and organic chemical industry which 
now make use of catalytic reactions {8, g, //, 12]. 

(b) Biological Importance of Catalysis [ 5 , 7] 

Catalysis is of very great importance in the vital processes of the living organism. The 
organic substances which function as catalysts in the organism arc known as ferments or 
enzymes. It was formerly held that there was a fundamental difference between ferments and 
inorganic catalysts in that the former were specific —i.e., acted only on certain specified 
substances, in a particular manner. However, it has been found that even ferments arc not 
invariably specific in their action, while by suitable modifications in their composition it has 
proved possible to confer on inorganic catalysts an increasing degree of specificity. 

(c) Historical [^] 

Isolated instances of catalytic processes were already observed during the latter half of the 
eighteenth century. Thus Scheelc (1782) discovered the catalytic effect of mineral acids 
(i.e., of ions) upon esterification and saponification. The observation made by Dobe- 
reiner in 1823, that hydrogen would ignite in air at ordinary temperature in contact with 
platinum sponge (‘Dobereiner’s lamp’l created particular interest. A concept of catalysts 
was first formulated in 1835 by Berzelius, who defined catalysts as substances which ‘by 
their mere presence would bring about chemical effects that would not take place if they 
were absent. It was due to W. Ostwald (1888) that the factor of time was introduced into 
the definition of catalysts, whereby these are regarded as substances with the property of 
accelerating chemical reactions without themselves being consumed. This definition was the 
first to indicate how the nature of catalytic action might be explained, but only more re¬ 
cently, as a r«ult of the detailed study of the kinetics and the mechanism of chemical 
reactions, has it become possible to gain some insight into the nature of the actual processes 
involved. The investigation of composite catalysts (‘promoted’ catalysts), which has been 
of such immense importance in the technical development of catalysis, received its stimulus 
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largely from the great role which such catalysts have played in the ammonia synthesis 
Work in this field was initiated especially by Mittasch, since 1909 [cf. Ber. 39, (1926) 13 and 

EUclrochem. 36, {1930) 569]. 

(d) Theories of Catalysis [/, 

Even in the time of Berzelius, many investigators expressed the view that the 
essential role of the catalyst lay in its combination with the substances between 
which it induced reaction, whereby highly reactive intermediate compounds were 
formed, from which the catalyst was once more regenerated by their subsequent 
decomposition. In the lead chamber process the occurrence of such intermediate 
compounds, especially nitrosyl sulfuric acid,* had already been demonstrated by 
Humphrey Davy in 1812. 

.-y opposed to this, the occurrence of catalytically accelerated reactions on platinum and 
similar materials was cited. It appeared highly improbable that the formation of inter¬ 
mediate compounds with hydrogen, oxygen, or hydrogen peroxide could take place with 
such a noble metal as platinum. Many workers—as, for example, Liebig—went so far as to 
exclude from the category of genuine catalytic reactions those processes in which it was 
possible to detect the formation of intermediate compounds between the substrate and the 
substance inducing the reaction. However, the intermediate reaction theory justified itself 
for the interpretation of homogeneous catalysis when the formation of intermediate compounds 
between catalyst and substrate had been proved in a large number of cases. The action of 
contact substances in heterogeneous catalysis was nevertheless regarded until very recently as 
residing principally in their ability to increase the concentration of the substrate at their 
surfaces, as a result of adsorption. 

The formation of‘intermediate compounds’ in a broad sense is today assumed 
not only in homogeneous catalysis, but also in heierogenoeuscatalysis: these inter¬ 
mediates are, however, not chemical compounds in the ordinary sense, but pro¬ 
ducts of various types arising from the action of‘secondary valence’ forces. They 
frequently have no well defined stoichiometric composition; even when such is the 
case, their life time is often so brief that it would be quite impossible to isolate them 
in weighable amounts. The methods which have been evolved for studying the 
mechanism of chemical reactions have rendered it possible to detect the formation 
of excessively short-lived intermediate products of this kind. 

From such studies it has emerged that the course of chemical reactions—quite irre¬ 
spective of whether or not they involve a catalyst—is considerably more complicated than 
is expressed by the ordinary chemical equations which, in general, only show the initial 
substances and the final products of reaction. Even when the chemical equations are broken 
down to represent intermediate reactions in the ordinary Sense, they still take account only 
of the intermediates which can be obtained in weighable quantities. In reality, as the study 
of reaction mechanisms has demonstrated, chemical reactions very frequently proceed by 
way of free radicals or other intermediate species which are far too unstable to be isolated. 
It has been shown that one essential function of a catalyst is to promote the formation of 
such substances, or to favor their subsequent reactions in some well defined direction. 

The study of reaction rateSy and the elucidation of reaction mechanisms have thus 
become of fundamental importance for an interpretation of catalysis. We shall 
therefore precede a discussion of the present theory of catalytic processes by a brief 
review of the most important findings of reaction kinetics [14-18^ —i.e., the study of 
reaction rates and reaction mechanisms. 

• cf. Vol. I, p. 708. 
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(a) Reaction Velocity 

If a reacting substance is present at a concentration c, the rate of a reaction 
which it undergoes is measured by the change in concentration with time, i.e., by 
the expression dc/d/, where dr is the change of concentrationduringaninfinitesimal 
interval of time d/*. The decrease in concentration of the substance consumed in 
the reaction (—dc) is equivalent to the increase in concentration (H-dc) of the pro¬ 
ducts of reaction. The rate of a reaction depends upon the temperature, and on the 
concentrations of the reacting substances. The manner in which it depends on the 
concentrations determines the so-called order of the reaction. 


(b) The Order of Reactions 

If the concentration of only one of the starting materials alters appreciably during the 
course of reaction, it is frequently found that 


—dc 
dl 




where k represents a constant (the rale consiani) depending upon the nature of the reacting 
substance and on the experimental conditions. The velocity of the reaction is thus propor¬ 
tional to the concentration of the substance which is undergoing transformation. Such a 
reaction is said to be o/ the first order. 

If two substances react according to the general equation A + C**, reactions in a 

homogeneous system (homogeneous reactions) commonly follow the expression: 


—dc 

"dT 





where c^, Cg stand for the concentrations of A and B, respectively. Such reactions are called 
reactions of the second order. 

If three substances react according to A -{■ B C = D, the rate of the reaction may be 
proportional to each of the concentrations c^, Cg, (i.e., to their product) so that 

—dc , 

-gr = * ■-C (3) 

The reaction is then of the third order. 

Reactions of higher order than the third arc but rarely met with. However, it is not 
infrequently found, especially with reactions occurring at phase boundaries (heterogeneous 


• In defining the rate of the reaction, the concentration change must refer to an in¬ 
finitesimal interval of time, since c is itself changing with time. The change in concentration 
which may be determined experimentally is given by integrating the differential equation 
over a finite interval of time. If the substances consumed in the reaction are present at equal 
concentrations, the results of integrating equations (i) to (4) are: 

(la) ln(co/c,) (aa) i/c,—i/c, = A/; (3a) *{i/c,«—i/^) = A/; (4a) Co — c, = A/. 

In these expressions, Cf, is the initial concentration of reactants, and c, the concentration 
after a time 

** It is immaterial whether one reaction product is formed or several products, provided 
that t^ starting material is not being re-formed to any important extent, by a reaction 
l^oceeding m reverse direction. The more nearly a position of equilibrium is reached, 
the more the effect of the back reaction makes itself noticeable. In that case, the measured 
reaction velocity is equal to the difference between the ratio of the opposed forward and 
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reactions) that the rate of reaction is practically independent of the concentration of the 
substances reacting; 



In this case, the reaction is said to be of zero order. 

If the reactants are present in equal concentration, the expressions on the right hand side 
of equations {2) and (3) can be written in the form Ac* and kc^. The corresponding expres¬ 
sions in equations (i) and (4) could be written in the form and The order of the 
reaction is thus given by the exponent ofc. Reactions are also known for which non-integral 
values are found for the exponent of c (cf. p. 697). 


(c) Molecular Kinetic Interpretation of Reaction Order 

In a reaction which follows the general equation A B ^ C —e.g., for the 
reaction 

H; + I, = 2 Hr ( 3 ) 

the velocity of the reaction is apparently determined by the frequency with w hich 
the molecules of the reactants collide with each other. The number of collisions 
between two molecules of the same kind, according to the kinetic theory of gases, 
is proportional to the square of their number within a given volume—i.c., to the 
square of their molecular concentration—and the number of collisions between 
two molecules of different kinds is proportional to the product of their respective 
molecular concentrations. If, then, it is found that eqn (2) describes the velocity 
of the reaction, this indicates that the transformation is brought about by collisions 
between two molecules of different kinds. This is so, for example, in the reaction 
between hydrogen and iodine in the gas phase. Equation (5) thus represents not 
only the quantitative relation between reactants and reaction products, but also 
the mechanism of the reaction. As has already been remarked, this is by no means true 
of the ordinary equations symbolizing most of the reactions of chemistry. 

The decomposition of HI into Hj and I, must also come about by the collision of two 
molecules (in this case aHI). Equation (2) thus applies to this reaction also, with = c^ = 

The rale of decomposition is therefore proportional to the square of the hydrogen 

iodide concentration. As further examples of second-order homogeneous reactions, there 
may be quoted the thermal decomposition of nitrous oxide, according to the equation 
aN ,0 = 2N, -f O,, and of chlorine monoxide: aCIjO = aCL -I- O*. 

If, in a reaction following the general equation A + B = the substance B is 
present at a much higher concentration than substance A, so that its concentration 
does not sensibly alter, the concentration Cq in eqn (2) can be incorporated in the 
constant k. Equation (2) then passes over into equation (i). This case is frequently 
found for homogeneous reactions taking place in solution, when the solvent 
participates in the reaction. 

The inversion of cane sugar may be cited as an example; it may be represented by 

CiiHjjOii + H,0 = 2C,H|.0,. 

At the concentrations ordinarily used for its investigation, the amount of water used up in 
the reaction with sucrose is vanishingly small in comparison with the total amount of water, 
and the reaction therefore appears to be a first order process. 
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It is frequently found that reactions take place by processes of lower order than 
would he expected from the equations representing the over-all chemical reaction. 
Thus it has been established that the decomposition of nitrogen pentoxide, by the 
process 2NJO5 = 4NO, + O, takes place both in the gas phase and in indifferent 
solvents by a Jirst order reaction, and not by a second order reaction, as would be 
expected if the foregoing equation represented the reaction mechanism. In such 
cases, it has been possible to show that the reaction proceeds by way of inUrmediate 
stages, and if it is desired to express the mechanism of the reaction, it is necessary 
to break the over-all chemical equation down into several partial equations. It can 
readily be perceived that the rate of the reaction, as measured, must be determined 
by that member of the chain of consecutive reactions which takes place most 
slowly. 


It is also possible for the reaction velocity, as measured, to be of a higher order than would 
be indicated by the partial reactions. Thus, according to Trautz (1924), the reaction 

2NO + Cl, = aNOCl (6) 

probably takes place in two stages: 

NO + Cl, ^ NOCl, (6a) 

NOCl, + NO = 2NOCI (6b) 

even though, from the experimental measurements, it appears to be a third order reaction. 
If it is assumed that reaction (6b) is slow as compared with (6a), the latter can lead to an 
equilibrium governed by the Mass Action Law: 

[NO] ■ (Cl,) = k,[NOCl,). 

The rate of reaction (6b) is given by: 

- = *.[NOCI.][NO]. 


Substituting the concentration of NOCl, deduced from the Mass Action law, the velocity 
of the reaction is found to be 


- ^ [NO]«[Cl.]; 

this depends upon the concentration in exactly the same manner as would be deduced for a 
reaction proceeding directly, according to equation (6), by ternary collisions. 

Ternary collisions —i.e. simultaneous collisions of three molecules arc very much 
less frequent than ordinary (binary) collisions. In a gas at atmospheric pressure, 
the ratio of ternary collisions to binary collisions is about i : 1000*. In general, 
therefore, it is much more probable that a reaction involving three molecules 
should take place by way of two binary collisions than through a single ternary 
collision. 

* This holds for molecules built up from small number of atoms. The rado of the prob¬ 
abilities of a molecule A colliding with a molecule B exactly during its collision with a 
second molec^e of B, and of its coUiding with an isolated molecule of B is the same as the 
ratio of the diameter of the molecule B to its mean free path. 
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(d) Molecularity of Reactions 

Reactions m which only one molecule undergoes transformation in each indivi¬ 
dual act are said to be unimolecular; those involving a collision between two 
molecules are called bimolecular, and those involving ternary collisions trimolecular. 
Reactions higher than trimolecular would appear to be extremely improbable, 

because four-body collisions are excessively rare events. Even trimolecular reac¬ 
tions are very uncommon. 

Among simple reactions, those which take place by way of intermediate stages 
are-distinguished as composite reactions, and the individual stages are termed partial 
reactions or consecutive reactions. E.e., 


Composite reaction A + B C = D 
Consecutive reactions | r 1 ” ^ ~ £ 

I h + L ^ U 


Reactions which really represent the processes between the molecules, and thus 
express not merely the result of the chemical change, but also its mechanism, are 
spoken of as elementary or primary reactions. 


If one of a set of consecutive reactions is very slow as compared with the rest, then, as 
has already been stated, this reaction alone practically determines the rale of the total 
reaction. In this case, the reaction as a whole is found to be of an order which is given by 
the molecularity of the slowest partial reaction. If, on the other hand, the rates of the conse¬ 
cutive reactions differ but little, the order of the reaction is determined by the partial 
reactions as a whole. For this reason it is not uncommon to find orders of reaction which 
are not whole numbers. 

Many reactions which, as ordinarily represented, would appear to constitute simple 
examples of homogeneous gas reactions have proved on closer study either not to proceed 
at all in the gas phase under ordinary conditions, but on the surfaces of the containing 
vessel (‘wall reactions’), or else to take place by quite a different mechanism from that 
expressed by the ordinary chemical equation. Thus the reaction 2CO + O, = 2CO, 
ordinarily takes place as a wail reaction. The explosive reaction does, indeed, take place in 
the g^ phase, but involves the presence of water vapor. The latter makes possible the 
following bimolecular consecutive reactions: 

CO -h H ,0 = CO, + H,; H, -p O, = H, 0 ,; 2 H, 0 , = 2 H ,0 -f- O,*. 

This reaction also exemplifies the important role of water vapor in cataJytically accelerating 
gas reactions, as has frequently been observed**. 


If the number of collisions between gas molecules, as calculated from the kinetic 
theory of gases, is compared with the number of collisions necessary to produce the 

* There is now no doubt that fast gas-phase reactions proceed by free-radical reactions 
and chain mechanisms. It is now generally agreed that the second reaction represented 
above involves the following steps: initiating reaction forming free radicals, e.g., H, -f 0 ,= 
2OH; followed by OH -f- H, = H ,0 H, H T 0 ,= OH O (propagation); 
O H, = OH 4 - H (branching); H + O, + X = HO, -f- X (X = third body); 
HO, 4- H, = H ,0 4 - OH; HO, -h H, = H, 0 , H. There may also be other radical 
recombination mechanisms-on the wall. The recurring steps in the chain may be H 4 - O, = 
HO„ followed by HO, + H, = H, 0 , 4 - H [25]. 

** It has occasionally been assumed that reactions are catalyzed by very small traces 
of water vapor when, in reality, the inhibition of reaction brought about by intensive 
drying has been due to the poisoning of the system by impurities. See, for example, Boden- 
stein, Physik. Chem. B. 20, {1933) 451 and Rodebush, J. Am. Chem. Soc., 55, {1933) 1742. 
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amount of chemical change, as determined from the observed velocity of reaction, 
it is found that in gas reactions which proceed at a conveniently measurable speed 
at atmospheric pressure, only about i collision in io»® to lo" leads to reaction. 
Thus it is often only a very small fraction of the colliding molecules which are 
capable of reacting with one another. It is an obvious assumption that these 
molecules which are capable of reaction differ in some way from the rest. For the 
present they may be termed ‘activated’ molecules; the nature of the activation will 
become clear from the subsequent discussion. 


(e) Reaction Velocity and Temperature 

.Arrhenius (1889) found that the relation between the velocity of a reaction and 
the temperature could be expressed, over a wide range of temperature, by the 
expression: 

d In A- A , . 


At 


DTt 


In this expression, k is the velocity constant of the reaction, T the absolute temper¬ 
ature, R the gas constant, and A is a quantity which has the dimensions of 
cnerg>'*. Arrhenius called this energy the ‘energy of activation’—i.e., the amount 
of heat which must be imparted to the molecules in order to raise them from their 
ordinary state, in which they are not capable of reacting, into the ‘activated’ state. 
The .Arrhenius equation holds both for homogeneous and for heterogeneous 
reactions. Just as energies of activation can be calculated from the velocity of 
reaction, it is conversely possible, if the energy of activation is known, to predict 
the rate of reaction. 

The need for ‘activating’ the gas molecules explains why it is very often necessary 
to impart energy in order to initiate a gas reaction, even when the reaction itself 
is highly exothermic. If this energy is added in the form of heat, the initiation of 
reaction is spoken of as ignition. 

(f) Photochemical Reactions [/j] 

Reactions which are initiated by irradiation with light arc called photochemical 
reactions. Since the increment of energy, e, — Ci, which a molecule gains by 
absorption of light is given (just as for the atom, Vol. I, p. 85), by the frequency 
of the absorbed light: 

e, — ei = Av (8) 

it is possible to determine the energy to be expended for the activation of a single 
molecule from the study of photochemical reactions. Further, the total amount of 
light energy of frequency v with which the system is irradiated determines the 
number of molecules activated. The quotient Efk^, where E is the quantity of energy 
supplied, represents the number of light quanta, and since each molecule absorbs a 
single quantum Av for its activation, the quotient is also the number of molecules 
activated. If, from other studies it is known how much energy must be expended in 

* Thus equation is not only formally analogous to Van’t Hoff’s reaction isochore (eqn. 
(5) on p. 37 of Vol. I), but can be derived from it. It follows from the derivation that (7) is 
strictly valid only when it contains an extra term; in practice, however, this term can 
generally be neglected (cf. footnote, p. 707). 
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order to produce some definite change in the molecule (c.g., to excite an electron 
to a higher energy level, or to dissociate the molecule into atoms), then tiie fre¬ 
quency V of the light which initiates some particular reaction reveals also tfu- 
nature of the transformation which the molecule must undergo in order to react with 
the other substance concerned. 

This may be illustrated with reference to the photochemical hydrogen-chlorine reaction. 
Combination between hydrogen and chlorine + Cl, = 2HCI is induced by irradiation 
with light of wave length 4785 A or less. From this, it follows in the first place that only the 
chlorine need be activated, and not the hydrogen, since hydrogen docs not absorb light of 
this wave length. The light quantum corresponding to the wave length given has a magni¬ 
tude of hejX = 4.10 • iO“** erg (cf. Vol. I. p. 84 et seq.). The energy necessary to break up 
the Cl, molecule into 2 Cl atoms is 3.93 • lo"** ergs, as follows from the data listed in 
Table 104, Vol. I, p. 773, dividing the figure given by Avogadro’s number and the thermal 
equivalent of the erg. Thus the light quantum supplies the energy necessary to dissociate the 
Cl, molecule into atoms*. Cl atoms, unlike Cl, molecules, are capable of reacting with H, 
molecules at ordinary temperature. Irradiation with light therefore initiates the reaction 
between hydrogen and chlorine at room temperature. 

(g) Chain Reactions [20, .?/] 

When the quantity of hydrogen chloride formed in the photochemical combi¬ 
nation of hydrogen and chlorine is compared with the total amount oflight energy 
absorbed, it is found that the yield of hydrogen chloride is greater, by an enormous 
factor, than the number of Cl atoms produced by irradiation of the Cl, molecules. 
Each quantum of light can dissociate only a single Cl, molecule. Nevertheless, 
Bodenstein (1913 and later) found that often more than 100,000, and in some 
circumstances as many as 3,000,000 Cl, molecules react with hydrogen for every 
quantum of light. As was first shown by Nernst (1918), this can be explained 
in the following way. The primary formation of chlorine atoms (9) 

Cl, -f Ap = 2CI {'primary process') (9) 

is followed by a sequence of self-reproducing reactions of the following kind: 

Cl-f H, 

H + Cl, 

Cl -h H, 

H 4- Cl, 

The reactions (loa) and (rob) alternate with one another indefinitely until the 
H and Cl atoms are removed from the system by some accidental side reaction, 
such as 

H 4- Cl = HCl {'Chain breaking process') (ii) 

It has subsequently been found that chain reactions of this kind are of extremely 
frequent occurrence; free radicals may enter into them as intermediate products 
of reaction, in place of free atoms. [22^ 

The longer, on the average, that the chain breaking process is deferred, the greater is the 
quantity of material entering into reaction from a given number of primary acts. Since, in 

* That the individual Cl, molecules absorb rather more light energy than is necessary 
to split them into atoms is due to the fact that the photochemical dissociation furnishes one 
ordinary and one ‘excited’ Cl atom—i.e., one atom in which an electron occupies a higher 
energy level than in the ground state of the atom. 


HQ 4 - Cl 
HCl 4 - H 


{'Reaction Chain') 


(loa) 

(lob) 

(loc) 


etc. 
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the example uken, the H or Cl atoms liberated in one of the component partial reactions 
are always close to the Q, or H, molecules with which they can react, the ‘chain bre^ng’ 
reaction {11) can only very rarely take place. The prospects for propagation of the chain are 
far less favorable, however, if the gas mixture contains impurities or added substances which 
are capable of capturing the free radicals or atoms liberated as chain-propagating inter¬ 
mediates. Even minimal concentrations of such impurities (e.g., of oxygen in the case of the 
H,-Glt reaction) can diminish the average chain length by a considerable factor. Boden- 
stein sUtes that, in the hydrogen-chlorine reaction, chain breaking as a result of reaction (11) 
practically never occurs*; it is invariably brought about by impurities which are present 
in traces in the reacting mbeture. Quite generally, the great sensitivity displayed towards 
impurities in the reacting substances is a characteristic feature of chain reactions. 

Chain reactions are not by any means involved in all photochemical processes. Processes 
are known in which each quantum of light absorbed leads to the reaction of exactly 
I molecule. On the other hand, chain reactions arc not in any way limited to photochemical 
reactions, they may be initiated by other forms of energy, as well as by light energy—e.g., 
by the energy of molecular collisions (in the form of thermal energy, or of a-rays). The 
reaction chain which was quoted as an example can itself be initiated by introducing atomic 
hydrogen into the reaction system. The reaction 

Na -I- Cl, = NaCI -|- Cl 
can also serve as the primary process. 

Chain reactions play an especially important role in the processes of combustion in 
flames. Their multiplication (‘branching’) can be responsible for the transformation of 
combustion into an explosion [2^-26^. This can often 
be inhibited by adding other substances which lead 
either to the early termination ofthe reaction chains, 
or to the suppression of those primary reactions 
which initiate particularly efficient chain processes. 

The action of ‘antiknocks’ in fuels for internal com¬ 
bustion engines (cf. Vol. I, p. 557) depends on this 
effect. 

(h) Activation Energy and Potential Bar¬ 
riers 

(t) General. Fig 94 shows in a diagrammatic 
form how the chemical potential (i.e., the 
ability to perform work by means of chemical 
reaction) changes with time during the photo- 
chemically initiated hydrogen-chlorine reac¬ 
tion. For the sake of simplicity we consider only 
the course of the reaction between 2 molecules 
of Cl, and 2 molecules of H„ and assume 
that the chain is terminated by the process 
H -|- Cl = HGI, after the third member of 
the reaction chain. 

In this case, the entire course is represented by 
equations (9), (10a), (lob), (loc), and (i i) (p. 699}. The chemical energy of the system 

• The probability of recombination in the gas phase b very much smaller for free atoms 
than for free radicals, since, unlike the latter, free atoms can recombine only as the result of 
ternary^ collisions. It b essential for a third body (which may be of any species) to be in¬ 
volved in the collision, in order to carry away a portion of the energy of the coUbion. A pure 
clastic collbion must otherwbe take place, the two atoms flying apart again, with the same 
relative velociti^ with which they collided. 



Fig. 94. Schematic diagram show¬ 
ing how potential barrier of che¬ 
mical reaction can be surmounted 
as result of photochemical activa¬ 
tion. 

Example: hydrogen-chlorine reac¬ 
tion. 
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is greater at the inception of the reaction than in the final state, bv the amount of the 
energy of formation of 4HCI: 


4 •22750 

6.064 ■ 10^* 


= tn-Oi - lO’*® cal. 


This difference in energy between initial and final slates is shown as £, in Fig. 94. 


In spite of the rather large gain of energy associated with the formation of HCl 
(22.75 for ' naol of HCI), the system cannot pass from the initial state 

(2H, -f- 2CI,) into the final state (4HCI). Experience shows that, provided ‘wall 
reactions are prevented, a mixture of chlorine and hydrogen can be storted in¬ 
definitely in the dark without reaction taking place. If we leave out of account the 
possibility of initiating reaction catalytically, it is necessary to raise the system to a 
state of higher energy in order to start the reaction. This is graphically expressed in 
the statement that the initial and final states are separated by a 'potential barrier'. 
The system must first be ‘lifted’ over this before the exothermic processes, which 
lead to the final state, can set in. 


The conditions are similar to those obtaining for radioactive atoms; as we have seen, the 
spontaneous disintegration of their nuclei is likewise hindered by a ‘potential wall’. There 
is a certain difference, in that the potential barrier shown in Fig. 79 (p. 590) represents the 
potential of the nucleus as a function of distance from the center of the nucleus, whereas 
Fig. 94 represents the chemical potential of the system as a function of time. 

In the case under consideration, the potential barrier is due to the fact that Glj 
molecules as such cannot react with Hj molecules; only Cl atoms can do so. Thus 
energy must first be expended in dissociating a Clj molecule into Cl atoms, before 
reaction can be initiated. The energy expended in bringing about dissociation is 
the activation energy of the system considered; in this particular case, as already 
mentioned, it is 3.93 • io““ erg or 9.41 • ro~*® cal.* This quantity then determines 
the height of the potential barrier which prevents the spontaneous reaction of 
chlorine with hydrogen. 

In order to start the reaction, it is sufficient to supply 9.41 • io~” cal of energy to a single 
Cl, molecule. If, however, the molecule is dissociated photochemically, one of the two 
atoms, for atom-mechanistic reasons, is liberated in an ‘excited’ state; the energy of 
dissociation is thereby increased, in this case, to 9.81 • I0"“ cal (£, in Fig. 94). We will 
(quite arbitrarily) assume that the ‘excited’ Cl atom is the first to react with a hydrogen 
molecule, according to equation (loa). Energy equal to £, = 0.41 • lO"*® cal is thereby 
liberated**. The succeeding reaction (lob) takes place with liberation of £4 = 7.50 • io~“ 
cal. In the meanwhile, the second Cl atom originating from the primary process has also 
entered into reaction with H,. The energy set free (£, = o.oi • 10-” cal) is smaller than £„ 
by the amount equivalent tothe‘excitation energy’***. In accordance with our assumptions, 
the process now terminates with the reaction H -f- Cl = HCl. Although this is strongly 
exothermic (£, = 16.90 • io"“ cal), it actually takes place only very rarely, because it is a 
process of low probability (cf. p. 700). The total energy set free in the reaction, E, -f- £"4 + 
£» -j- £* is equal to the initial energy of the system £, augmented by the radiant energy 

* Since activation energies are generally measured in heat units (cal or kcal) they are 
often called ‘heats of activation*. 

** The quantities of energy £„ £4, £s and £4 can readily be obtained from Tables 7,104 
and 105 of Vol. I, in the same way as £,. 

*** In the example considered, the excited state of the atom does not appear to be of any 
importance for its reactivity. 
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absorbed, £* = hv. The light energy is thus used up in the reaction. In ihis respect tfu photo¬ 
chemical processes differ fundamentally from catalytic processes. 

If the photochemical primary process is followed by a chain reaction of 200,000 steps, 
the number of H, and Cl, molecules reacted is 100,000 times as many as in the example just 
considered. In that case, £, is infinitesimally small compared with £„ which represents the 
total chemical energy of all the molecules entering into the reaction; nevertheless, the 
statement still remains true that the energy liberated in the reaction is greater by the amount 
hv than the energy which would be liberated if the reaction proceeded without irradiation. 


(jV) Thermal Activation. As already stated, the energy of activation can be im¬ 
parted to the molecules which are to be activated not only in the form of light 
energy, but in other forms—e.g., as thermal energy. It is possible, from the kinetic 
theory of gases, to calculate the fraction of all the molecules of a gas which, at any 
given temperature possess a thermal energy in excess of the energy of activation. 


According to the kinetic theory of gases [27], the heat content Q.ofan ideal monatomic 
gas is given by the sum of the kinetic energies 
of its molecules. If the number of molecules 

is JV, 

Ci= jY- i mu* (12) 

where m is the mass of a single molecule, and 
is the so-called ‘mean square velocity’ of 
their translational movement. This is because, 
the molecules do not all have the same velocity 
u, but the velocities of the individual mole¬ 
cules are distributed as shown in the curve 
Fig. 95 (Maxwell’s distribution law). In 
Fig. 95, the velocities of the individual mole¬ 
cules are represented along the abscissa, the 
unit of measurement being the velocity most 
frequently represented, the so-called ‘most probable (or modal) velocity* u^. The ordinates 

give the values of • —, i.e., the fraction of all the molecules having velocities between 

H du 

uandu -|- du, divided by the breadth du of this range of velocities. For example, the number of 
molecules with velocities between 0.8 and 1.2 ^ represented by the shaded area 

in Fig. 95, is 0.8 X 0.4, or about one third of the total number. In the form represented in 
Fig. 95, the shape of the distribution curve is inefependent of the temperature. The mean 
value of all the velocities, u„, is rather greater than the most probable velocity u^. The 
value entering into formula (12), however, is not the sqtiare of the mean velocity, but 
the average of the squares of the individual velocities*. This is represented by the symbol 
and the square root (‘root mean square’ velocity) by 77 . 

According to the kinetic theory of gases, the pressure p of a gas is given by: 



* 

Fig. 95. Distribution of velocities among 
the molecules of a gas, according to the 
Maxwell distribution law. 


p = ^ . nmt? 


V 



N 

where n ^ — represents the number of molecules per unit volume* For i gram molecule of 


V 


gas (13) becomes 


p ss ^ — • m i? {//a = Avogadro^s number) 

p 


(13a) 


* The values u,,, u„ or u and tt* stand in the ratios t/^ = 1.128 a.; i? = | ii,,*; 

ViA = 1.22$ = 1.085 
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Combining {13a) with the gas equation pv = RT, again referred to 1 cram molecule it 
follows that 


k.'^^mu^=RT or i m iP = ; ■ ■ T (14) 

The mean kinetic energy [so-called Uranslalional energy') of the molecules is directly proportional to the 
absoluU Umperature.Thc most probable velocity (as alsou) thus increases, proportional to 
Ti. If, then, the probabilities of the velocities are plotted directly against the velocity u. 
and not against the ratio u/u^ as was done in Fig. 95, the maximum probability shifts 
progressively towards higher velocities with rise in temperature. 

Whereas equations {13) and (14) are applicable to ideal gases generally, equation (12^ 
holds only for monatomic ideal gases. Poly-atomic gases can contain heat not only in the 
form of translational energy, but also in the form of rotational energy of their molecules and 
vibrational energy of the atoms of which the molecules are composed. /\s is well known, this 
manifests itself in the differing ratios of the specific heats at constant pressure and at 
constant volume [c^/c^) found for monatomic and poly-atomic gases, respectively.* 
The following discussion, in which only the translational energy is considered, apply 
essentially to these other forms of energy also. 

It may be deduced from the Maxwell distribution law that the fraction of 
molecules a with kinetic energy such that the component along the line of centers 
during a molecular collision is greater than A is given by 

a = 

This expression also gives the probability of collision between two molecules such 
that {Ai -{- Ai), the sum of the components of their translational energy, along the 
line of centers, is greater than A. Thus (15) indicates the ratio of the number of 
collisions in which dl, + d, ^ d to the total number of molecular collisions. If, for 
A we substitute the activation energy necessary for some chemical reaction, a 
then signifies the fraction of molecules which, in the most favorable case, can react 
with one another on collision. The requisite amount of energy to bring about 
chemical reaction is available at the instaat of collision only to those molecules 
which bring to the collision a total energy equal to or greater than the activation 
energy. The reaction velocity is thus proportional to the value of a. Table 93 gives 
values of a, calculated from equation (15) at different temperatures and for several 
activation energies. It may be seen how very strongly dependent upon both 
temperature and activation energy these values of a are. 

The velocities of, e.g., homogeneous bimolecular gas reactions can be calculated 
from the values of a, if it be assumed that every collision in which the collisional 
energy exceeds the activation energy leads to reaction**. For the sake of simplicity, 
consider a reaction between two identical molecules (as exemplified, for example, 
by the decomposition of hydrogen iodide, 2HT= H2 + Ig). The velocity of 
reaction is then twice as great as the number of collisions leading to reaction, since 

* See, for example, Eggcrt, Z-rAriucA dfr 7th. Edition, 1949, Partington, 

Treatise on Physical Chemistry Vo\. I (Macmillan, London, Statistical Mechanics, 

Cambridge University Press, 1936, Taylor and Glasstone, Treatise on Physical Chemistry, 
Vol. I, 1942, for the variation of rotational and vibrational energy with temperature. 

*• A comparison of calculated and observed reaction velocities indicates that the error 
implicit in this assumption is compensated, in practice, for molecules of simple structure, 
by the error which is introduced by neglecting their rotational and vibrational energy; 

cf. Hinshelwood [/j]. 
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TABLE 93 

VARIATION OF THE QUANTITY a WITH THE ACTIVATION ENERGY A 

(in cal per mol) and with the temperature (in ®K) 

Only those values of a inside the framed section of the table lead to reactions which take 

place at measurable speeds at ordinary pressure. 


A = 

' \ ,000 

10,000 

20,000 

40,000 

50,000 

100,000 


T = 300® 

1.87 • lO"' 

i 5.09 • I0-* 

2.59- I0-" 1 

6.73 • lO"** 

3.43 • 10-*» 

1.18 • lO"’* 


600 

4.32 • IO-‘ 

2.26 • IO-‘ 

5.09 • IO-* 

2.59 - lO"** 1 

5.86 • lO"** 

3.43 • 10-*’ 


1000® 

6.04 • lO"* 

6.49 • lO”* 

4.21 • I0"‘ 1 

1.77 • IO-* 

1.15 • IO-*t 

1.32 • 10“** 


1500® 

7.15 • lO"* 

i 3.48 • I0-* 

I. 2 I • 10 -* 

1.53- to-* [ 

5.09 • lO"* 

2.59 • I0-“ 


2000® 

7.77 • 10-» 

8.05 • IO~* 

6.49 • IO-* 

4.21 • IO‘‘ 

3.18 • I0-* 

1.15 • lO"" 


3000® 

8.45 • I0-‘ 

1.87 • 10-‘ 

3.48 • 10"* 

1.21 • IO-* 

1 1 

2.26 • IO“* 

5.09 • I0-* 



two molecules are transformed in each such collision. It is thus represented by 


—dn 

“dT 




where n is the total number of reactant molecules per cm*, and ^ is the‘collision 
frequency’ (see below) of a single molecule*. It turns out that if a is greater than 
io~’, reactions take place instantaneously, whereas if a is less than io“^*, no reac¬ 
tion is delectable. These numbers apply to reactions at ordinary pressure; their 
orders of magnitude are not affected if reaction between dissimilar molecules is 
considered, instead of reactions between molecules of the same kind. The limits of 
measurable reaction are shifted somewhat by a change in pressure. They are also 
different in the case of chain reactions, by a factor corresponding to the mean 
length of chain which follows the primary reaction: thus they arc changed by 
5 powers of ten for a chain of ioo,ooo members. 


The limits just quoted for the range of reaction velocities which is accessible to investi¬ 
gation* • are based on the arbitrary, but convenient definitions that a reaction is said to be 
‘instantaneous’ when its rate is so fast that, after i second, at most o.i% of the initial 
quantities have not yet entered into reaction: 


tif £ 0.001 no (for I = i sec) 


(»7a) 


On the other hand, a reaction is taken as ‘no longer observable’ when less than o. i % of the 
reactants enter into reaction in a day: 


^0 — n, ^ o.ooiRo (for t = 8.64 • 10* sec) 


(i 7 b) 


In (17a) and (17b), n, is the number of molecules per cm* of initial reactant at the time o 
and n, the number remaining at a time /, The a values which fulfil these conditions can be 

* If one molecule collides with -pother molecules each second, n molecules will make 

CO isions per second. If n is the total number of molecules per cm*, the number of separate 
collisions IS i n^, since two molecules participate in each collision. 

These limits do not imply that reaction velocities which fall within the range can neces- 

“ possible depends on the nature 

mnrh technique employed, but in general is likely to be 

much narrower than the range defined by equations (17a), (17b) above. 
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calculated from (16). The collision number 


■ ^ entering mlo this calculation is the number 


/* II- « . • • • . ^ ^ .o I iiic iiUirinf*r 


given by 


■^ = V 2 ■ .1 ■ o' ■ u ■ n 


(» 8 ) 


where n = the number of molecules per cmV « is the root mean square velocity, and a the 
molecular diameter. A few collision numbers are set down in Table 94, in order to indicate 
the order of magnitude of this factor 

TABLE 94 

COXLISION FREQUENCIES ^ IN SEVERAL CASES AT O^C AND I AT.M. PRESSURE 


0. 

I Z = 4->4 • JO* 

t 

Cl, 

6.2 1 • lO* 

NO 

4.86 • lO* 

N ,0 H ,0 

5 - 9 > • 'o* 8.85 • io» see-* 1 

1 

CO, 

j ^ = 5-76 • lo* 

CS, 

8.67 ■ lO* 

NH, 

8.36 • lO* 

CH, 

7.69 • io» sec-* 


Substituting eqn {18) in (i6), we obtain 

—d/I 


dt 


= a • \/2 • .T • <T* u n* 


(» 9 ) 


and from this, by integration 


—- - - a y/ 2 • n • a* u t 

«< 


n. 


(«9a) 


In (rga), /i, may be expressed in terms of using relation (r7a). It is then found that 

1000 — I 


a, ^ 


"v/a • .T • a* • • n, 


Similarly, using relation (x7b), 


a, ^ 


0.001 


8.64 • 10* • ■\/2 • 71 a* u Tti 


In^these expressions, y/a • n ■ a* • u ■ stands for the collision number at / = o, and 

\/2 • 71 • a* • u • rtf for the collision number at time /. In an order of magnitude calculation 
we can substitute, for both cases, the rounded off average from Table 94, i.e., 7 • lo*. 
It is then found that 


and 


a, S = 1.43 ■ *0 

7 • 10* 


-» 


10 


a, ^ 


8.64 • 10* 


-= 1.65 • lO"*®. 

• 7 • lO* 


• The collision numbt^rs given in Table 94 are calculated from the viscosities r} of the 
gases by means of the formula 


^ = 0.30967 ■ d ■ uVn 


which also follows from the kinetic theory. I is here the mean free path of the gas molecules 
and d the gas density. 
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Thf values of,, which lead to reactions of measurable vcloc.ty thus he roughly between the 
limits to-’ and io->*. These limits, like the average collision number a^unicd, apply to o 
and 760 mm pressure. Within the range of temperature covered by Table 93, howc\^r, 
their^order of magnitude does not change with rising ternperaturc. “ 

proportional to T*, so that Z increases only about 3-3 Md if T is raised from 273 to 
3000 K*. As follows from eqn (18’ however, the value of Z proportional to the pressure, 

since u is proportional to pressure. 


If the activation energy is known, it follows from the foregoing section that the 
reaction velocity can be calculated directly from gas kinetic data. Combining it 
with eqn (15), eqn (19) can be written in the form 


H (20) 

df 1000 


where c is the concentration in mols per liter, and is Avogadro’s number. 
.Since u varies but little with temperature, the expression 


■ a* ■ u 

1000 


can be replaced by a constant C, so that {20) is transformed into 

= C ■ c* 
dl 



The product C • corresponds to the coefficient k in eqn (2), p. 694, when 

referred to concentrations expressed in mols per liter. 

Equation (qo) is true of bimolccular reactions between like molecules (e.g., 2l« = 
I, + H,). For bimolccular reactions between unlike molecules (e.g., H, + I» = 2HI), u in 

eqn {20) must be replaced by V u,* + a by the mean value and c* by the 


product (i' . i_ • ,1- • L 

It should be noticed that the derivation of eqn (20) presupposed that, m a coUision, the 

energy effective in producing activation could be equated, without serious error, with the 
sum of the translational energies of the two molecules. For molecules of complicated struc¬ 
ture, in which the average vibrational energy is considerably greater than the translational 
energy, the vibrational energy must abo be taken into account. A considerably more com¬ 
plex expression must then be inserted in eqn (20), in place of 


From the equation 
it follows that 

Differentiating (23), 





d In /t _ A 
~dt Wn 


(22) 

(23) 

(24) 


Equation (24) is identical with the empirically established eqn (7), p. 698, which 
was the basis upon which Arrhenius interpreted the quantity ^4 as a thermal energy 
of activation. 


♦ It is necessary, however, to take into account the temperature variation of a, as well as 
that of u, for the purpose of accurate calculations. 
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(m) Activation Energy Dependent on Mechanism of Reaction. I'he acu\'ation energy 
of a reaction can be calculated from eqn (23), if the velocity constant k has been 
determined at several temperatures*. If In k is plotted graphically against i / r, ^ 
straight line is obtained, and the slope of this is equal to AjR. If the activatioi 
energy for the decomposition of hydrogen iodide is calculated in this way from the 
values quoted in Table 95, the result obtained is .-1 =44 kcal per mol of HI. I he 
energy necessary to dissociate hydrogen iodide molecules into free atoms amounts 
to 70.8 kcal/mol. Thus, unlike the photochemically initiated hydrogen-chlorine 
reaction, the thermal decomposition of hydrogen iodide does not take place by a 
dissociation into free atoms. A sufficiently energetic collision between two HI 
molecules is apparently adequate to bring about a rearrangement of the atoms in 
accordance with the scheme 



If a dissociation of HI molecules into atoms were necessary, in order to initiate 
reaction, the energy of activation would be 71 kcal/mol, and not 44 kcal/mol. 
This example shows that, unlike the heat of reaction, which is independent of the 
route by which the reaction takes place, the energy of activation depends upon the 
actual course taken by the reaction. This fact is of fundamental importance in 
understanding the nature of catalysis. 

TABLE 95 

VELOCITY COEFFICIENTS FOR THE FORMATION OF HI (=/:,) AND 
DECOMPOSITION OF HI {=*,), AFTER BODENSTEIN 

it, and it, = iSJUiL, referred to the same initial concentrations of starting materials 

Cfi' Cf- t 

(cq, f, in mols per liter; / in sec; 7 = temp, in ®K) 


r 

556“ 

575 ° 

629“ 

647° ! 

666“ 

683“ 

700^ 

716“ 

781“ 


3.52 • 10"’ 
4.44- I0-‘ 

1.22 • IO“* 
1.32 • 10-* 

3.02 • io-‘]8.5g ■ 10 ‘ 
2.52- io-*i5.23* IO-* 

2.20 • I0“*j5.12 • IO“* 
1.41 • lO"* 12.46 • 10'* 

i.i6- io‘* 
6.42- IO-* 

1 

2.50 • 10"* 
1.40- I0-‘ 

3.95 -10 
1.34-10' 


The combination of iodine with hydrogen to form HI also takes place by a direct 
rearrangement of the atoms in molecular collision. In this case, indeed, the energy of 
activation (40 kcal/mol of I,) would be great enough to dissociate I, into 2I atoms (heat of 
dissociation 35.4 kcal/mol). However, the process 

I + H, = HI + H — 32 kcal {25) 

is strongly endothermic. It could thus take place only if the I atom collided with a H, 
molecule bearing at least the indicated amount of thermal energy. From eqn (15), the 
probability of such a collision is only about 10-’ at 1000“ K. The probability of collision 
between two I atoms, from the degree of dissociation at i o^“ as given in Tabic 104. p. 773 
(Vol. I), is 5.4 • 10-* of the total number of collisions. If it be assumed that.one collision in 

• If the variation of A with temperature is taken into account (although this is not 
usually necessary), eqn (23) is to be replaced by In = In c - — + i In T. 
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jooo between I atoms is a three-body collision, so that recombination could occur*, it 
would follow that for every 500 I atoms which recombined to form I, molecules, oru, at the 
most, would react with H, to form HI (eqn 25). However, a direct molecular-kinetic 
calculation of the rate of reaction from eqn (20), shows that almost every collision, in which 
the eollisional encrg%- exceeds 40 kcal, mol. leads to reaction. Thus, in spite of the relatively 
considerable thermal dissociation of iodine, the reaction proceeds directly between I, and H, 
molecules, and not by a mechanism involving free I-atoms. For this reason it is also under¬ 
standable that the activation energies for the reactions in the two opposed directions should 
be very little different in magnitude. If both reactions took place by way of free atoms, the 
energy of activation for the decomposition of HI would necessarily be much greater than 
that for the formation of HI. 

(iV) IV/ive Mechanical Calculation of Activation Energies. In simple cases, it is possible, in terms 
of the wave mechanical or quantum mechanical theory of the chemical bond (Vol. I, Chap, 
j), to represent the total ehemical energy of a system as a function of the iniernuclear 
distances between the atoms, and the mode of binding of the electrons. On this basis, it 
should often then be possible to calculate the activation energy necessary to transform the 
system from one given state to another. Hitherto such calculations have been carried out 
successfully only for especially simple cases. Nevertheless, it has been shown, for example, 
that it is possible for the system Ij -!- Hj to pass continuously into the system 2HI, without 
the necessity for any dissociation into atoms to occur as an intermediate stage. It is not 
possible to discuss these calculations more fully at this place; short treatments of the basis of 
the wave mechanical calculation of activation energies are given in the books of Schumacher 
[74] and Frankenburger [2]. listed on p. 718. 


3. Reaction Kinetic Interpretation of Catalysis 

(a) General 

The foregoing considerations apply directly to gaseous systems. They can, 
however, be applied in their essential features to liquid and to multi-phase 
systems* *. It follows that the rate of reaction in a system at any given temperature 
is determined by the energy of activation^ as long as energy is supplied in no other 
form than as heat. 

Since, by definition, a catalyst can subsequently be separated unchanged from 
the system in which it has brought about reaction, it follows that the catalyst 
cannot have given up any energy to the system***. It can act, therefore, only in as 
far as it alters the factors which determine the rale of the reaction—i.e., the factors 
u and Z in eqn {16), together with an additional factor which takes account of the 
probability of a fruitful transformation following from a collision to which the 
molecules bring the necessary amount of energy. In eqn (16), this ‘reaction 
probability’ has been put equal to i; for molecules of more complex structure it 
may be much smaller. This factor may be increased by a catalyst (for an example, 

• See footnote p. 700. If the third partner is a H, molecule, the process 2I -f- H, = aHI 
also appears possible, but it has never been demonstrated experimentally that this reaction 
plays a significant role. 

*• In multiphase (heterogeneous) systems, the over-all reaction velocity depends also 
upon the rate of diffusion of reactants and products to and away from the phase boundary. 
If the velocity of diffusion is small in comparison with the rate of the chemical change, 
then the total rate of reaction may be determined by the processes of material transport 
alone (cf. p. 748 et seq.). 

• • • It is possible for energy to be conferred transiently by the catalyst to the reacting system, 

but it .must subsequently be recovered completely in the course of further reaction (that is, 

neglecting fortuitous incidental effects, which have nothing to do with the essential nature 
of catalysis). 
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see p. >12), but the resulting acceleration of reaction is not very large The 
colhston number ^ can be increased in mag.titude by an added substLce in 

IT ran“ r "'e reactants on its surface, or condensation 

usuaTv ofTbo H® catalysts, however, this effect is 

the facU ir rr ‘"’P^'-tance as compared with the effect of the catalyst on 
actor a that is (from eqn (15)) on the activation energy A (cf. p. 711-2) /n Ike 

’fZTt l‘ast predominantly Jrom the 

fact that tt lowers the activation energy. Since the activation energy depends on the path 

followed in the reaction, this can only mean that, in the presence of the cati^yst 
t^ reaction proceeds by a different route from that taken if no catalyst is present. 
Depending on the nature of the system and the kind of catalyst, there are various 
possible ways in which the modified reaction path may come about. It is essential, 
however, that the catalyst itself must be transiently involved in the reaction. As a rule 
the lowcnng of the activation energ>' is brought about through the formation of 
some intermediate product which is not formed in the absence of the catalyst the 
activation energy involved in the formation of this product being less than’that 
necessary for the rate-determining step of the reaction path followed when no 
catalyst is present. It is of minor importance whether this ‘intermediate product’ 
IS a chemical compound in the ordinary sense, or whether it is a solid solution 
formed on the surface of the catalyst, or some other system originating from the 
interaction of catalyst or reactants; indeed, its nature will differ from one example 
to another. As far as the principles of catalysis are concerned, it is also unim¬ 
portant whether the entire reaction path is different in the catalyzed reaction 
from that of the normal reaction, or whether only a part is modified. 

In general, every catalytically accelerated reaction of the form 


A + B = AB 


(26) 


is composed of two consecutive reactions, which (denoting the caulyst by K) can 
be schematically represented as 


A + ak 

AK B = AB + K 


(a6a) 
(a6b) 

AK is the product of some interaction with the catalyst, and need not be a chemical 
compound in the strict sense. It is, of course, implicit that the catalyst is regenerated 
in its original from by the reaction symbolized in (26b). 

In order that the reaction may be accelerated by the formation of 'intermediate com¬ 
pounds’ between catalyst and substrate (or some constituent of the latter), an essential 
point is that the intermediates should be unstable. If a relatively stable compound is formed 
Its formation generally brings the reaction to a standstill, whereas a relatively unstable 
compound reacts further. Substances such as (e.g.) the alkali metals, which in general form 
very stable compounds, therefore show but little catalytic power. The suppression of 
catalytic action through the formation of stable compounds is abo illustrated by the be¬ 
havior of cobalt towards CH* and CO (p. 29a): only above the range of temperature at 
which a carbide of cobalt is stable can the metal catalyze the decomposition of methane or 
carbon monoxide. 

The reaction in which the catalyst participates need not necessarily be the initial step in 
the reaction path. It may be preceded by partial reactions which can themselves take place 
sufficiently fast in the absence of a catalyst, although they generally lead to an equilibrium 
state before reaction has proceeded to any considerable extent, because at some stage the 
reaction path involves a high potential barrier. 



CATALYSIS AND REACTION KINETICS i? 

In many cases, the rate of a reaction is accelerated because the catatytically 
induced reaction, unlike the normal mechanism, is a chain reaction. Even in this 
case, however, the essence of the action of the catalyst lies m that tt lowe^ the 
activation energy of some reaction—namely, the one which leads to the establish¬ 
ment of a reaction chain*. It cannot be inferred directly from the extent of the 
acceleration brought about by a catalyst that the latter initiates a chain reaction. 
As shown in Table 93 (p. 704). a considerable lowering of the energy of activation 

may result in an enormous increase in reaction velocity. 

The mechanism of action of catalysts will be exemplified in the following section, 
by reference to a few examples. It should be noted, however, that whereas the 
nature of catalytic action may be considered to have been explained in its essentials 
from the study of reaction kinetics, it is still possible to make any definite pro¬ 
nouncements on xhc detailed mechanism of catalysis in only a limited number of cases. 

(b) Homogeneous Catalysts 

Genuine catalytic homogeneous gas reactions (that is, reactions which take 
place, under the influence of a gaseous catalyst, exclusively in the gas phase, and 
not at surfaces—e.g., the walls of the vessel), are rather rare. As an example, there 
may be cited the reaction between nitric oxide and chlorine, catalyzed by bromine 
(von Kiss, 1923 et seq.). In the absence of bromine, the reaction follows the course 

2NO + Cl, = 2NOCI (27) 

with NOCl, as an intermediate product (cf. p. 696). In the presence of bromine, 
the course of the reaction is shown by (28) and (29): 

2NO + Br, = 2NOBr (28) 

2NOBr + Cl, = 2NOCI + Br, (29) 

The energies of activation for reactions (28) and (29) are smaller than for reaction 
(27). Hence the formation of NOCl is accelerated by the formation of NOBr as an 
intermediate, the bromine being subsequently regenerated from this by reaction 
with CI2. 

The thermal decomposition of dimethyl ether, which is catalytically accelerated by 
hydrogen (Hinshelwood, 1927), is an example of a homogeneous gas catalysis in which there 
is no real intermediate product formed, involving the catalyst. In this instance the catalyst 
acts simply by transferring energy in the act of collision, to the molecules requiring acti¬ 
vation; this energy is recovered in later collisions with other molecules. The decomposition 
follows the equation 

CH, ■ O • CH, = CH, + CO + H, 

and is a reaction of the first order. The rate of decomposition depends upon the number of 
(CHsl^O molecules possessing sufficient rotational and vibrational energy to break the 

* In this case, we may encounter the phenomenon of a catalyzed reaction (the chain 
reaction) which, even in the presence of the catalyst, has a higher activation energy than 
the normal reaction (not involving a chain mechanism). The catalyzed reaction is faster 
than the normal reaction, in this case, by virtue of being a chain reaction. However, the 
fact that a chain reaction occurs at all is still dependent on the catalyst making possible 
some reaction of lower activation energy—whether it be the primary reaction or the chain- 
propagating reactions. 
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C—O bond. As experiment has shown, the requisite cnerg>’ can be acquired not onlv from 
collisions with other (CH ,),0 molecules, but from collisions between (CHjijO and 
molecules, although not from collisions with various other molecules—e.g.. He, N^. or CO.. 
Since the hydrogen recovers in subsequent collisions the encrg>' which it transfers, tlie 
reaction can be considered as a genuine catalysis. 

Homogeneous catalytic reactions in liquids are very much commoner than 
homogeneous gas catalysis. Of particular importance among these are the acceler¬ 
ation of reactions (especially oxidation and reduction processes) by heavy metal 
salts and catalysis by acids and bases and by dysprotide and emprolide substances (cf. 
Chap. i8). 

The catalytic action of heavy metal salts frequently hinges on the ability of their cations, 
by giving up or accepting electrons, to convert the molecules of the substrate into free 
radicals or unstable ions. In this way, chain reaclions are often initiated (cf. p. 768 et scq., 
Vol. I). In addition, this process may be associated with a considerable diminution of the 
energy of activation, so that a very considerable increase in reaction velocity would be 
produced even in the absence of chain reactions. 

In catalysis by acids, the mechanism usually involves the intermediate formation of 
addition compounds of the substrate molecules with protons, these having a high reactivity 
(low activation energy). Since (with a few exceptions), protons, and not hydronium ions, 
combine with the substrate, it is not uncommonly found that the catalytic action of acids is 
even stronger in weakly dissociating or indifferent solvents than in aqueous solution (cf. 
p. 720 ff). For the same reason, a catalytic action is often exercised by substances such as 
NH4+ ions, which can give up protons, as well as by acids in the ordinary sense. The cata¬ 
lytic effect of bases frequently arises from the ability of their hydroxyl ions to abstract protons 
from the molecules of the substrate. Where this is the case, other substances which have a 
tendency to bind protons—e.g., the ions of weak acids—display the same catalytic action 
as bases. 


(c) Heterogeneous Catalysis 

The only essential difference between heterogeneous catalysis and homogeneous 
catalysis lies in that the reaction takes place in the former, at the boundary between 
two phases (catalyst and substrate, respectively). The reason that the reaction is 
accelerated in heterogeneous caulysis is, again, usually a lowering of the energy 
by the action of the catalyst. Substrate molecules are converted into more reactive 
(that is, more easily activated) forms under the action of the surface forces or the 
free valences (cf. p. 677) acting at the phase boundary. These forces may bring 
about the dissociation of adsorbed molecules into atoms, but the more usual effect 
is a loosening of the binding between atoms, as compared with the free molecules. 
Such a ‘deformation’ can, however, lead to a considerable increase in reactivity, as 

can be shown by wave mechanics. 

Since, when solids are involved, the number of free valences is especially high at 
the edges and comers, these parts of the surface are usually particularly active 
catalytically (‘active centers’ of Langmuir and H. S. Taylor). For this reason, the 
fine subdivision of the catalyst (e.g., use in colloidal form), orarougheningofthc 
surface, may lead to an increased catalytic activity, not merely because of the in¬ 
crease in total surface, but because of the increased number of active centers 

created. 


As well as a lowering of the activation energy by the deformation effect, there arc other 
AS weii^ a lowering . oossiblv be altered at phase boundaries. These are 

ways m which the reaction xL, a solid wall may act as the third partner 

operative, however, only in exceptional cases. , 
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necessary to carry away energy released in the recombination of free atoms (cf. p. 700 
footnote). Further, an orientation of the molecules, as a result of adsorption, may increase 
(or diminish) the probability that the reactive centers of the molecules may be brought to¬ 
gether in the act of collision (acceleration of reaction by modification of the ‘probability of 
reaction’, cf. p. 708). The mere increase in concentration of the substrate at the surface of 
the catalyst, as a result of adsorption, may lead to enhanced reaction rate (by increasing 
the collision frequency). In practice, however, the effect is rarely significant, and as a rule is 
quite inadequate to explain the increases in reaction rate that are observed. Thus, it may be 
deduced from their heats of adsorption that the gases H, and 0« are adsorbed in a mono- 
molecular layer on porcelain at 900* K, giving about a i6-foId increase in concentration. 
If this condensation alone were responsible for the catalytic acceleration of their com¬ 
bination, the rale of the electrolytic gas reaction would be accelerated in proportion to 
the increase of collision frequency—i.e., for the tcrmoiccular reaction involved, in pro¬ 
portion to the 3rd power of the degree of condensation, or by about 4000 : i. In fact, as 
found by Bodenstein (1899), the reaction of H, with O, is accelerated by porcelain under 
the conditions cited by about 20,000,000 to i. In accordance with the fact that the conden¬ 
sation of the substrate by adsorption on the catalyst surface is usually unimp>ortant for 
catalysis, as compared with the deformation effect, there is, as a rule, no relation between the 
adsorptive properties of different substances and their efficiency as catalysts. 

The most important processesx>f heterogeneous catalysis are those in which the 
catalyst is a solid, and the substrate is in the gaseous or liquid (or dissolved) state. 
Use is often made, also, of the catalysis of gas reactions by liquid phase or dissolved 
catalysts. Examples in which the catalyst is in a less highly condensed state of 
aggregation than the substrate are rare, however. The acceleration of many 
reactions between solid substances by water vapor is an example of such catalysis, 
however. 


It is frequently found that chemical reactions or physical transformations (change of 
modification, allotropic changes) of solids can be accelerated by added solid substances. 
There may be various reasons for this. It may be that the added substances increase the 
number of 'defects’ (‘Lockcrstellen’) in the crystal lattice of the reacting substance (cf. 
P- 743 )- The added substance may also accelerate the reaction by lowering the melting 
point of one or more of the initial reactants, as a result of forming solid solutions. It may 
also facilitate the crystallization of the reaction product, as a result of nucleation. The last 
mentioned, in particular, is the usual reason for the frequently observed autocatalytic 
acceleration of those reactions of solids in which solid reaction products are formed. 


(d) Aatocatalysis 

The term autocatalysis is applied to the catalytic acceleration of a reaction by 
one of the reaction products. The phenomenon shows itself in that reaction rate 
speeds up dunng the initial stages (corresponding to the increase in the amount of 
catalyst as reaction proceeds), and begins to diminish again only after some time, 
when the reactants have decreased so much in concentration that this last factor 
predominates. When a reaction is autocatalytically accelerated, it is often found 
that a considerable time elapses before reaction begins at an appreciable speed, but 
when once started the rate often increases very rapidly, until the reaction is 
proceeding very vigorously. If some of the reaction product which is responsible for 
the autocatalysis is added to the reaction mixture at the outset, the reaction at once 
commences at a correspondingly rapid rate. 

The phenornenon of autocatalysis is fairly widespread. In addition to the ctoud of 
cactions already mentioned,,I may be exemplified by the acceleration of the oxidizi^ action 
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of nitric acid by the additmn of nitrogen oxides, and the acceleration of potassium per¬ 
manganate oxidations by the addition of mangancse(II) salts. 

(e) Catalytic ‘Direction’ of Reactions 

Whenever a substance, or a reaction mixture, is capable of undergoing several 
possible reactions, the reaction which is initiated when the temperature is gradualK 
raised is that which has the lowest energy of activation. This follows directly from 
the discussion of reaction kinetics. The same consideration applies to reactions 
which take place m the presence of a catalyst. However, it need not necessarily 
follow that the reaction for which the energy of activation is lowerd by the catalyst 
(or the one for which the greatest diminution of activation energy- is produced) 
will be the reaction having the lowest activation energy in the absence of the cata¬ 
lyst. The catalyst may so strongly modify the activation energy for some reaction 
which does not lead to the same end product as the normal non-catalytic reaction, 
that this reaction now has a lower activation energy than the normal reaction. In 
such a case, the reaction occurring in the presence of the catalyst will be different 
from the uncatalyzed reaction. Furthermore, different catalysts may selectively 
diminish the energy of activation for different reactions. The particular reaction 
to occur will then depend upon the nature of the catalyst. In this way the reaction 
is ‘steered’ or ‘directed’ by catalysis. 

For example, methyl ethyl ether, CH, • O • C,Hj, undergoes thermal decomposition in 
the absence of a catalyst according to; 


H 


1 


H,C—C—O—CH, 


t 


CH, + CO + CH,. 


H 


In the presence of certain catalysts, however, (e.g., iodine) the primary decomposition* is: 

? 1 

H,C—C—O—CH, -► H,C—C =0 + CH,. 


H 


H 


Others ethers behave in a similar way (Clusius and Hinshelwood, 1930); e.g., diethyl ether; 
Without catalyst 


H 


H, 

t i 

In the presence of catalyst 

H 


»♦ 

1 


H 


t 


CH, + CO -I- iC,H, -h CH,. 


i 


H,C—C—O—CH—CH, 


H,C—C =0 + CH,—CH,, 


H H H 

♦ The acetaldehyde formed enters into a secondary decomposition reaction CH,CHO = 
CH, -t- CO. 
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In ihc absence of a catalyst, the molecule breaks up simultaneously at several points, when 
it ai-'quires the necessary energy of activation (47 kcal for CH^ • O • CjHs; 53 kcal for 
C:jH 5 • O ■ C^Hj). The effect of the catalyst is to loosen one of the bonds, so that a smaller 
energy of activation (38 kcal and 34 kcal, respectively) is sufficient to cause rupture. In 
accordance with this, reaction takes place in the presence of the catalyst not orily at a 
considerably lower temperature, but in a different manner. The decomposition of dimethyl 
ether referred to on p. 710 (energy of activation 65 kcal) cannot be catalytically accelerated 
by iodine. In this case, therefore, the addition of iodine does not modify the mode of de- 
composilion. 


(f) Catalytic Poisons 

Substances which diminish or inhibit the activity of catalysts arc termed 
catalytic poisons. Their action may be due to their ability to combine with the 
catalyst, forming less active, or completely inactive substances; in addition, where 
chain reactions are involved, they may also enter into reaction with the species 
formed as intermediate products, in such a way that the chains are prematurely 
terminated. In neither case is it essential that true chemical compounds should be 
formed with the catalytic poison; in the case of heterogeneous catalysis, it is 
sufficient that the poison should be strongly adsorbed on the surface of the catalyst. 
In general, solid catalysts are particularly sensitive to poisons, since the adsorption 
of quite small amounts of foreign substances may considerably diminish the extent 
of their available surface. Furthermore, adsorption takes place preferentially on 
the ‘active centers’, i.e., on just those surface sites which have the highest catalytic 
power. 

Poisoning is described as ‘temporary’ or ‘permanent’, depending on whether the effect 
is reversed or persists, when the poison is removed from the reaction system. One reason for 
the occurrence of temporary poisoning, for example, is the excessive accumulation of the 
reaction product at the surface of the catalyst. Such poisoning can usually be overcome 
without difficulty by increase in the rate of passage of reactants, or the rate of stirring. 

Use is often made of catalytic poisons, to suppress unwanted reactions (‘protective 
poisoning’). 

(g) Negative Catalysis 

According to the definition of a catalyst, it may be said that negative cata^'sis 
takes place when a reaction which takes place without a catalyst is retarded by 
some added substance. This may arise, for example, if the added substance acts as a 
‘chain breaker’ for a chain reaction which normally occurs. As already mentioned, 
the action of‘anti-knocks’ in fuels depends up>on this effect. 

Although the concept of a ‘negative catalyst’ is quite different from that of a catalytic 
poison, it is often difficult, in practice, to decide whether any given instance is a case of 
negative catalysis or of poisoning. This is because the possibility cannot always be definitely 
excluded that a reaction which apparently takes place as an uncatalyzed process is not, in 
reality, brought about by traces of some (positive) catalyst; the action of this catalyst may 
then be inhibited by the added foreign substance. 

(h) Multiple Catalysis 

The catalytic action of a mixture of two or more substances is not, as a rule, 
equivalent to the sum of their several effects. It may be less, but may also be 
considerably greater. 
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For example, Remy (1924) found for the catalytic efficiencies of Rh and Pt for the 
hydrogen-oxygen reaction, the relative values 22 and 34, but the value 100 for the efficiency 
of an alloy of the two metals. The efficiency of Rh can be raised from 22 to 34 or und.. 
certain conditions from 56 to 137, by alloying it with Ru. which is itself quite withou- 
catalytic action on the hydrogen-oxygen reaction at ordinary temperature. This example 
demonstrates that the efficiency of a catalyst may be augmented by mixing it with a sub¬ 
stance which is itself quite inactive as a catalyst for the reaction concerned. 


Quite small amounts of an added substance often suffice to firing about a 
considerable increase in catalytic efficiency. Such added substances are known as 
‘activators’ or ’promoters’. The efficiency of substances which are used in the solid 
state as catalysts can further be raised to a considerable extent by depositing them 
upon materials with a large surface area—e.g., platinum on asbestos. Such 
materials, which operate essentially by increasing the surface area of the catalyst, 
are termed ‘carriers’. A carrier may also act, at the same time, as a promoter, as is 
shown by the fact that different carriers, with almost the same specific surface, 
may influence the efficiency of catalysts deposited on them to quite different de¬ 
grees. 

Multiple catalysts (mixed catalysts, promoted catalysts) have become of very 
great technical importance in connection with heterogeneous catalysis. Indeed, it 
is now exceptional for a technical contact process to operate with a one-component 
catalyst. Multiple catalysts are now almost invariably employed, since it has been 
shown that the activity of versatile catalysts, such as iron, can be enhanced for 
various specified reactions by means of suitable carriers and promoters. Thus iron 
is made especially effective in the ammonia synthesis by addition of aluminum 
oxide; by adding bismuth oxide it is adapted for the catalytic oxidation of ammo¬ 
nia to nitric oxide; and by adding chromium oxide its activity is enhanced for the 
conversion of carbon monoxide-steam mixtures into carbon dioxide and hydrogen. 
The sensitivity of catalysts towards catalytic poisons can also be considerably 
reduced, and often almost eliminated by suitable additions. 


As an example of multiple catalysis in homogeneous systems, reference may be made to 
the observation made by Price, in 1898, that the oxidation of hydrogen iodide by peroxysulfatc 
in aqueous solution was speeded up when copper and iron salts were added simultaneously, 
by twice as much as if the effects of the two substances were merely additive. Although there 
were already several recorded observations of the enhancement of catalytic activity by the 
addition of other substances to the catalyst. Price was the first to sute clearly that the 
efficiency of multiple catalysts was not merely additive. Erode (1901), from a continuation 
of Price’s experiments, recognized for the first time that the action of a catalyst could be 
influenced by substances which, by themselves, have very little or no catalytic effect. 

More recently multiple catalysis has been intensively studied, especially by 
Mittasch. Promoter action may arise from various causes. In reactions between two 
substances, it may happen that caulyst A activates only (or practically exclusively) 
the molecules of the one reactant, whereas catalyst B activates the other. If both 
sorts oj molecules are simultaneously activated by a mixture of A and B, the conse¬ 
quent increase in the rate of reaction may be especially great. With solid contact 
materials, the action of activators, is often due to their influence on the particle 
size of the catalyst, or to the fact that they increase the number of active centers by 
causing lattice imperfections*. Furthermore, an alloy between two elements may 

• The particularly high catalytic efficiency of substances in the ‘acUve intermediate 
states’ often encountered in reacUons between solids (cf. p. 746 et seq.) is the consequence 
of such lattice imperfections and similar effects. 
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rxcrt quite specifically different surface forces from those of its components, in that 
the spheres of action of its atoms mutually overlap and modify one another. 

(i) Raney Catalysts 

Raney (1925-27) has devised a process by which certain metals can be obtained 
in an especially active catalytic form. In this process, the catalytically active metal 
.s alloyed with a catalytically inactive one, the alloy pulverized, and then the 
alloying metal dissolved out. The most widely used Raney metal is nickel. The 
preparation of Raney nickel usually involves the melting together of nickel and 
aluminum, treatment of the coarse or finely ground alloy with alkali solution, and 
careful washing of the residue; this treatment gives a black or grey-black powder. 
'I lie product is sensitive to air, often even pyrophoric, and must, therefore, be 
stored under water, alcohol, hydrocarbons, or the like. 

Raney nickel does not differ structurally from ordinary nickel, but it exists in an especial¬ 
ly fine crystalline form (diameters of the cr>-stallites, 40-80 A). It still contains a small 
amount of aluminum (up to several per cent), which seems to be necessary for its activity. 
Most important, however, Raney nickel contains a considerable quantity of hydrogen (up 
to 33 atom ')o) and its electrochemical behavior corresponds to platinum black saturated 
with hydrogen. In contrast to the behavior of hydrogen-free nickel, it amalgamates with 
mercury. Nitrile and nitrate are reduced to ammonia by Raney nickel, and permanganate 
to manganese dioxide. Chlorate, bromate, iodate, molybdate, and tungstate may also be 
reduced hy Raney nickel. It reacts slowly with water with thc'cvolution of hydrogen and the 
formation of nickcl(II) hydroxide. In the presence of readily oxidizable subsUnces, which 
are capable of acting as oxygen acceptors, Raney nickel remains unchanged and behaves 
merely as an oxidation catalyst. For example, hypophosphite in the presence of Raney 
nickel is oxidized by water to phosphite: 

H,POr -p H ,0 = HPOr + H*+ H,. 

This reaction proceeds quantitatively and may be employed for the acidimetric determi¬ 
nation of hypophosphite. Oxidations by means of atmospheric oxygen may also be catalyti¬ 
cally accelerated by Raney nickel. In industry, Raney nickel is used primarily as a hy- 
drogenation catalyst. Because of its especially high activity it acts rapidly. In addition, it 
permits the hydrogenation at lower temperatures of such substances which at higher 
temperatures give troublesome side reactions. 

Raney metals also find use as dehydrogenation catalysts. Raney cobalt is an excellent 
catalyst for the synthesis of gasoline from CO and H,. It acts therein not only as a hy¬ 
drogenation catalyst but also at the same time as a polymerization catalyst, especially when 
It IS prepared by way of a Co-Si alloy rather than through a Co-Al alloy. According to 
Herglotz and Lissncr (1949), Raney cobalt is also extremely useful for the removal of 
organically bound sulfur by catalytic conversion to hydrogen sulfide. In Raney cobalt the 
rnctal is present in the hexagonal modification, whereas cobalt contact catalysts prepared in 
the usual manner (e.g., by heating CoO in a current of H,) contain the metal in the cubic 

lorm. Both modifications of cobalt are catalytically active, whereas in nickel only the cubic 
form IS active. 

(j) Measorement of Catalytic Power 

.!• •• •- ^ is given by the ratio of the velocity constants of the 

catalytically induced and the uncatalyzed reaction, respectively. The velocity 
constant must of course, be compared at the same temperature. Furthermore, 
the efficiency of the catalyst must be related, in the case of homogeneous catalysis, 
o some definite concentration of catalyst, or. in the case of heterogeneous catalysis, 
to a definite surface area of the catalyst. However, in the case of solid substances. 
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which are of such i.nportance as ca.alysts, .ho extent of the true surface is, at best 
only approximately known, furthermore, for a given total surface there may be 
wide variations ,n the number of 'active centers', which strongly inHuence the 
catalytic properties. In such rases, the catalytic elficiency is generally represented 
much more exactly by specifying the decrease in the energy of activation brought 
about by the catalyst. This comparison is, of course, only valid on the assumption 
that the increased reaction velocity is not due, in any appreciable degree, to other 
causes than a change in the energy of activation. 

.Since the Icmpcraturc at which reaction takes place at an apprec iable rate is also lowered 
by a decrease in activation energy, the lowering of the reaction temperature can also be used 
as a rough measure of catalyst cfliciency. In the case of reactions which follow a difTerml 

course in the presence and in the absence of a catalyst, and in other cases where the activation 

energy of the uncatalyzcd reaction is not known, it is possible to compare only the relative 

epciencus of difTereni catalysts. In practice, however, this is ihe information usually re- 
quired. ' 


(k) Catalysis and Chemical Equilibrium 

As has already been stated, it follows from the definition of a catalyst that it 
neither imparts energy to nor takes energy from the system in which it accelerates 
a reaction. It therefore follows, further, that a catalyst does not displace the equilibri¬ 
um in any system, since any disturliance of equililiritim alters the energy content 
ofa .system (cf Vol. I, p. 143). According to the kinetic concept of chemical 
equilibrium, in the equilibrium state, the forward and back reactions are procectl- 
ing at equal velocities, c.g., the formation of a compound takes place at the same 
rate as it decomposes. It therefore follows, further, that a catalyst must speed up 
the reaction in both directions to the same extent. Thus a catalyst which promotes 
the formation of a compound must also accelerate its decomposition by the same 
amount. This principle is often utilized in investigating the efficiency of catalysis. 
Thus, in studying the suitability of various contact materials for the ammonia 
synthesis, it is convenient to measure the extent to which the decomposition of am¬ 
monia is accelerated, rather than the synthesis of ammonia. However, the rule that 
the efficiency of a catalyst is independent of the direction in which reaction is 
taking place is strictly valid only for systems which arc not too far removed from 
equilibrium. 

4* Induced Reactions 

Reactions which are initiated or accelerated by some added substance are said 
to be induced reaction.s if the added substance is consumed by the reaction upon which 
its efficiency depends (i.e., not merely used up in side reactions). Whereas only 
reactions in which energy is liberated can be brought about by the action of a 
catalyst (since the latter imparts no energy to the system in which it accelerates 
reaction), processes which absorb energy may be involved in induced reactions. 
The energy which must be acquired by the system before reaction can occur is then 
made available by chemical change of the substance which induces reaction; this 
chemical change must therefore always be a process which furnishes energy. 

The oxidation of arscniou.s acid by bromic acid in aqueous solution may be cited as an 
I'xample of an induced reaction r 

HBrO, + 3 H,AsO, ^ sHaAsO, -t- HBr. 
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Although this reaction is exothermic, it takes place spontaneously only with extr^e 
slowneS. It is rapid, however, if sulfurous acid is added to the reaction mixture. The 

sulfurous acid is thereby also oxidized: 

3H.SOa + HBrO, = sH.SO, + HBr. 

In this respect, the process differs fundamentally from a catalytic reaction. 

If the process initiated by the added substances cannot take place spontaneously, the 
maximum quantity of the reactants that can be induced to react must stand in some simple 
stoichiometric ratio to the quantity of reaction-inducing substance consumed. In this case, 
the two processes are said to be ‘coupled reactions’. Examples of coupled reactions arc the 
autoxidation processes accompanied by the formation of hydrogen peroxide, such as the 
auioxidation of titanium(III) compounds in alkaline solution, discussed on p. 55 in which 
at most J molecule of H, 0 , is formed for every Ti"' atom oxidized. In this instance, the 
induced reaction is the oxidation of water to H, 0 ,. However, if the induced reaction is one 
which can also proceed spontaneously, it is possible for the ‘induction factor’ (i.e., the ratio 
between the quantity of substance brought to reaction and the quantity of reaction- 
inducing substance consumed) to vary between wide limits, and to attain relatively high 
values. Thus, in the oxidation of iodide ions in solution induced by vanadic acid, the in¬ 
duction factor may vary between ',,<,0 and 12. according to the experimental conditions 

(Bray, 1933 )« 
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CHAPTER 18 


REACTIONS IN NON-AQUEOUS SOLUTIONS 


I. Introduction 


(a) General 

Although water plays a dominating role as a solvent in inorganic chemistry, 
there are other solvents which are also important. Non-aqueous solvents are 
employed for preparative purposes and for molecular weight determinations, 
especially for substances which are insoluble in, or decomposed by, water. In 
addition to this, however, the general study of the properties of substances in non- 
aqueous solutions, and a comparison with their behavior in aqueous systems, have 
contributed considerably to our knowledge of the nature of solutions, and of the 
reactions which take place in solution. It has thereby been found that solutions in 
water are in no sense the prototype of all solutions, but merely a special case (albeit 
a very important case practically). 

Neglecting molten metals, solvents can be classified into two groups:—those 
which can bring about the electrolytic dissociation of substances dissolved in them, 
and those in which no electrolytic dissociation (or extremely slight dissociation) 
occurs. The latter are known as indifferent solvents. It is not possible, however, to 
draw a sharp distinction between the two groups. 

In the process of dissolution, it is possible for a decomposition of the dissolved substance 
to be coupled with an addition reaction with the constituents of the solvent, after the style of 
a double decomposition: 

AB-^CD ^ AC + BD. 

Such a case is known as a solvolysis. The process often leads to establishment of an equili¬ 
brium, as with hydrolysis processes (Vol. I, p. 822), which constitute a special case of 
solvolysis. 

(b) Indifferent Solvents [/, 2 ] 

It is familiar that non-ionizing solvents, or solvents in which ionization is very 
slight, play the most important part in organic chemistry. Their use in inorganic 
chemistry is limited, however. This is because the indifferent solvents generally 
dissolve significant amounts only of those substances which, in the crystalline state, 
form molecular lattices or structures allied to them. Only a rather small propor¬ 
tion of inorganic substances are included under this heading, however, and by far 
the greater proportion of inorganic compounds is therefore insoluble in indifferent 
solvents—especially those used at or slightly above ordinary temperature. The 
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indifTcreiit solvents must commonly used for inorganic compounds arc carbon 
tetrachloride, chloroform, and carbon disulfide. I'lher, which is practically a non¬ 
ionizing solvent, can also be included. Dioxanc (the cyclic i ,4-dicthylenc dioxide) 
resembles ether in this respect, and has been frequently used as a solvent for in¬ 
organic compounds in recent years. 

As ha-s been mentioned carli<T, (Vol. I, p. 76), the dissolution of any substance is 
;.ccompanied by its solvation. Indeed, as a rule it is probably conditional upon solvation, 
since it has been shown that the solubility of subsianc<'s in indillerr-nt solvents generally 
runs parallel to their heats of solvation. The fact that dissolved substan< es obeyed quanti¬ 
tative laws which were formally similar to those governing substances in the gaseous state 
(and especially the formal analogy between osmotic pressure and gas pnssure) led for a 
long time to the relative neglect of the interaction between the solute and the solvent. 
Dissolved substances were regarde d as being in a state that corresponded almost completely 
to the gaseous state. More recently, various authors (e.g.. Fredcnhagen. 1932) have drawn 
attention to the untenabilily of this view. 

In \'ol. I it was shown that solvation had a very marked influence on the deposition 
potentials of the metals from (aqueous) solutions. The considerations advanced there apply 
in principle to non-aqueous solutions also. This effect is, of course, the smaller as the heat 
of solvation (of the ions, in this case) becomes smaller. 

A marked influence of the solvent can be discerned on the course of chemical reactions. 
It has long been known that the rate of chemical reactions is markedly dependent on the 
nature of the solvent, even when comparUon is restricted to solvents which have no detectable 
ionizing properties. 

It is of considerable practical importance that the direclicn in which a chemical change 
proceeds is also often dependent on the solvent. For example, the reaction 

2HI + S H,S + I* 

goes from left to right in the gas phase, but from right to left in aqueous solution. The latter 
is determined by the heat of solution of HI in water, H,S and I, do not react at all with each 
other in dry carbon tetrachloride, nor in ether if water is completely absent, except in so far 
as HI is gradually consumed in the formation of ethyl iodide. 

The effect of the solvent on the direction of a chemical reaction often arises from the fact 

that some substance is formed, when the reaction proceeds in one or other direction, which 

IS insoluble in that solvent. In accordance with Le Chatelier’s principle, this results in 

displacing the equilibrium so as to form more of the substance which is thrown out of 

solution. This principle is widely used for preparative purposes in non-aqueous solutions as 
well as in aqueous solutions. 

There is a great deal of quantitative information concerning the solubility of 
inorganic and organic compounds in indifferent and other non-aqueous solvents 
Relatively few systematic investigations have been carried out, however, on the 
interaction between indifferent solvents and the substances dissolved in them apart 
from determinations of the composition of crysulline solvates isolated from such 
solutions. Extensive studies of the eUctrolyiic conductivity of non-aqueous solutions 
ha ve been made, especially by Walden [3,4]. The behavior of acids (and of other 
substances which correspond to the acids of aqueous systems) in non-aqueous sol- 
vents is now fairly well understood as a result of recent work. 


2. Behavior of Acids in Non-Aqueous Solvents [3] 

" '''>■'-“‘ 5 '*“'** “lutiom (and specially thos. in 

often have 

stronger catalytic propert.es than .n aqueous solution. Since the catalytic action 
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..racids in aciueous solulion (c.«., ihcir < aulysis nf ,hc decon.posi.io,, „l dia.„ac, „, 

fVo I n I!' r ‘-'■■'«"'rati„n nf tl.c a<|uc.,us 

\ ) 1 . I, p. 77 ct seq.), this ohscrvatum remained puzzling as long as the im< r u lion 

r’ce"f 7 "n ^uhslance was nverlonked. In aqueus s.,lu„„n. 

cc H nuclei (prn.ons) can exist only in extraordinarily small concentraiion 

|H,U or IH.U.I ions), whereas in non-aqueous solutions the protons mas l,c 
more oosely hound. When this is taken into aecount, it is possihle to iinderstaiul 
why, for reaetlons catalyzed hy protons* - such as the diazoacetie ester decom¬ 
position solutions of acids in non-aqueous solvents should he more efficient lliai, 
aqueous solutions** 

Thr fact that ^talylic efficiency of acids in aqueous solutions is. none the less eenerallv 
proportional to the [H, 0 ] ■ ion concentration, arises from the proportionality between ih<- 
proton concentration and the (H.O) - ion concentration in aqueous 

Tom 'T ' r' f- (H/).] • I ions, it /ou.rs the catalytic effic ienev of 

protons. Quite generally^ the more weakly the solvent combines with protons, the greater is 

the catalytic cfficientj of a hydrogen compound in that solvent, if the separation of proions 

IS msolved. Henre those properties of hydrogen compounds which are She ronsequenre of 

solvent ’ by firolon rnchangr reaction\.hh the 


(a) Proton Exchange. Briinsted’s Theory of Acids and Bases 

Substances such as acids (in the familiar sense), which give up protons when 

they arc dissolved in water arc called proton donors, or Bronsted acids (see below 

while those, such as the H ,0 molecule, which add on protons, are said to be 

proton acceptors, or Bronsted bases. Proton donors are also said to be dysprotic and 

proton acceptors emprotic substances. When a proton donor gives up a proton, 

Z> zl + H+. it is converted into the conjugate base A. Combination of/I with a 
proton turns it into the conjugate acid D. 


Thus the F' ion is the conjugate base of the proton donor HF, and the INHd • ion is the 

conjugate acid of the proton acceptor NH,. In water, the OH- ion is the conjugate base 

ol the proton donor H, 0 , but this in turn is the conjugate base of the proton donor (H ,(>1 

As IS shown by the last example, one and the same species may function as a proton donor or 

a proton acceptor, according to the reaction considered. Substances which can do so an 

said to be amphiprotu. By definition, conjugate acid-basc pairs must alway.s differ in th. ir 
ionic charge. 


Since free protons are never formed in appreciable amounts in chemical reac¬ 
tions, conversion of a weighable amount of a proton donor D^ into its conjugate 
proton acceptor^ I necessarily implies the presence of a second proton acceptor J,; 
this takes up the protons which are split off, and is itself converted into its coniu- 
gatc proton donor 

+ -4, A, -1- Dj 

* Almost all reactions catalyzed by ‘hydrogen ions’ ar<-, in fact, catalyzed by protons. 
Only in exceptional cases do the or [H,04]'' ions have a specific catalytic effect. 

** Similar considerations apply to determinations of the strength of acids which depend 
directly on the measurement of the proton activity, and give only an indirect measure of the 
fHjO] + or ion activity—e.g.. the polentiomelric determination of the ‘hydrogen ion 

concentration’ in acid solutions. 
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Proton transfer reactions of this kind may be exemplified by the following: 


Donor I 

Acceptor 2 

Donor 2 Acceptor t 

HCl 

+ 

NH, 

= [NH 4 + -H 

ci- 

HCI 

+ 

H,0 

= [H,0 - + 

Cl- 

H,0 

+ 

NH, 

= (NH 4 + 

OH' 


When, following Bronsicd (1923)- reactions of these kinds are considered as proton 
transfer processes, it emerges that not merely related, but fundamentally identical pr<xesscs 
arc involved in a series of reactions which formerly appeared to be quite distinct the 
neutralization of an acid by an anhydrobase (1st example), the electrolytic dissociation of 
an acid (2nd example), and the formation of a base from an anhydrobase arid water (3rd 
example). A second advantage is that the behavior of acids m different solvents can be 
considered from a single standpoint. If acidic character is defined as the ability to give up 
protons, there is no fundamental difference at all between the behavior of acids towards 
water and towards ammonia or any other proton acceptor*. It is also important that the 
ability to act as a proton donor is in no way restricted to those compounds which function as 
acids in aqueous solution. Not only do ions such as [NH,]^ have the character of proton 
donors, but—depending on the nature of the solvent and of the other partner in the reaction 
—other substances can act as proton donors, although quite unable to give up a proton 
directly to H ,0 molecules. Thus Bonhoeffer (1936) showed that elementary hydrogen could 
act as a proton donor towards the hydroxyl ion. He found that proton transfer occurred to a 
considerable extent when normal hydrogen, Hj, was allowed to react at lOO with heavy 
water. DjO, especially in presence of alkali: 

DO- + H — H + D —OD = DOH + HD + OD". 

From the concept of proton transfer, the following important consequence results. I 
we retain the traditional definition of acids and bases (although making them more precise) 
—i.e., if we define acids as substances which give up protons to form hydronium ions, 
[HjO]^ (or [H9O4]*). in aqueous solution, and bases as substances which split off hydroxyl 
ions, OH-, in aqueous solution—we can only assign a meaning to the exercise of acidic or 
basic character in aqueous solutions. No hydronium ions are formed by giving up protons in 
non-aqueous solutions, and the substances which function as b^es in aqueous solutions do 
not differ in any respect from the salts when they are dissolved in non-aqueous solvents. In 
aqueous solution, however, both acids and bases (in the traditional sense) differ fundamen¬ 
tally from salts in that the electrolytic dissociation of acids and bases furnishes ions belonging to 
the solvent ilsel/~[H^Oy and OH", respectively. The strength of acids and bases is then to be 
measured by the extent to which [H, 0 )*^ or OH" ions are formed (i.e., the degree of 
dissociation of the aqueous solutions), whereas neutralization consists essentially in the combi¬ 
nation of [HjO]^ and OH“ ions with each other. 

On the basis of this definition, for non-aqueous solutions we can (following G. Jandcr) 
speak only of properties ‘analogous to acidic’ or ‘analogous to basic’, but not of‘acidic’ or 
‘basic’ properties. If acids are defined as substances capable of giving up protons (without 
reference to the solvent), the essential nature of neutralization must be viewed in terms of a 
complete proton transfer reaction. ‘Bases’ are then substances which can neutralize ‘acids’—i.c., 
proton acceptors. From this point of view, substances which furnish hydroxyl ions do not 
differ essentially from salts even in aqueous solution. It is also necessary, in terms of the 
second definition, to include among the acids the ions formed from salts, if they arc able to 
lose protons—e.g., the (NH«]+ ion. There arc only two courses open. Either the concept of 

• In addition to the substances which form salt-like addition compounds with acids— 
e.g.. ethers, aldehydes, ketones, etc.—(cf. Vol. I, p. 696), many other compounds in which 
acids are soluble behave as proton acceptors (although in widely varying degree). It must 
not be overlooked, admittedly, that some of the practically important properties of acids 
are closely connected with the very special nature of water—namely those properties, such 
as the high conductivity of aqueous solutions of acids, which are due to the formation of 
[HjO]* or (H904]'’' ions. Cf. footnote on previous page. 
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‘acid’ and 'base' must be restricted to aqueous solutions, or else the traditional definition 
must be given up. and proton donors generally must be railed ‘acids’, proton acceptors be 
called bases , and compounds which furnish hydroxyl ions in aqueous solution must be 
considered to be salts. This second course of action was followed bv Bronsted. who developed 
the theory of proton transfer processes in 1923. and called it the theory of the add-basf 
/unction. Water is of such overwhelming practical importance as a solvent that special 
names are desirable for the two classes of substances which occupy a special position, as 
furnishing the ions proper to the solvent itself. It would hardly be possible to replace the 
traditional names acid and ‘base’ for this purpose. Care must therefore be taken to avoid 
confusion with the new concepts of'Bronsted acids’ and ‘Bronsted bases’, for proton donors 
and proton acceptors, respectively*. Some authors have accordingly preferred to introduce 
the names ‘dysprotides’ (^-proton donorsi and ‘emprolides’ (= proton acceptorsi. 
respectively**. 


Indifferent solvents, according to Bronsted, arc those which are neither proton 
donors nor proton acceptors. They may be called ’aproiic’. When any substance 
which can accept or donate protons is dissolved in an aprotic solvent, it is evident 
that no electrolytic ions will be formed, irrespective of whether the solvent has a 
high or a low dielectric constant. 


When pure picric acid is dissolved in an indifferent solvent, such as benzene, the solution 
remains colorless, since undissociated picric acid is colorless. If a proton acceptor, such as 
aniline or methyl alcohol, is added, picrate ions are formed in accordance with the general 


scheme for proton transfer (cqn. (i), p. 721). 

and the soiution turns yellow: 


C,H,{NO,),OH + C.HjNHj = 


+ C.H,(N0.),0- 

f2) 

D, A, 


A, 


picric acid aniline 

anilinium 

ion 

picrate ion 


C.H,{NO,),OH + CH.OH = 


-1- C,H,(N0,).0- 

(3) 

Z>i A, 


A, 


picric acid methanol 

methyl- 

picrate ion 



hydronium ion 



The dissociation equilibria of color indicators can be treated similarly. Picric acid is, in¬ 
deed, a member of this class. The shift in dissociation equilibrium (and change of color) of 
these indicators when the [HjO]* ion concentration in aqueous solution is changed, is just 
a special case of the general proton transfer scheme: 

CeH,{NO,),OH -(- H ,0 ^ + C,H,(N 0 ,), 0 - (4) 

donor /), acceptor /I, donor Z)* acceptor 

Whether the proton donor D, is the H, 0 * ion or some other Bronsted acid merely in¬ 
fluences the position of the equilibrium, but has no significance otherwise. Hence acids can 
be titrated in indifferent solvents, using color indicators, just as well as in aqueous solution 
(i.e., using anhydrobases or other proton acceptors). Very weak acids, or proton donors 
without acidic character, can, in fact only be titrated in non-aqueous solutions. Just as 
color indicators can be used for the colorimetric determination of HjO* ion concentration 
in aqueous solution, they can also be used in non-aqueous (in particular, in indifferent), 
solvents to determine colorimetrically the loss of protons from proton donors. Picric acid is 
a proton donor. Similar considerations apply to proton-acceptor indicators, except that in 

* In Brdnsted’s terminology, the [NH,]* and [H, 0 ]^ ions are acids, the [SO.]* and 

Cl“ ions are bases, while NaOH and Ca(OH), are salts. 

*• Bronsted has occasionally used the words ‘protogenic’ and protophilic substances. 
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this ( as« the proton donor />, is not the undissociated molecule, but the Bronsted acid formed 
frotn it by union with a proton. 


(b) Proton Affinity 

I l.r proton affinity of a molrt ulc or ion is the maximum work which can be performed 
f>y adriiny on a proton to it. Dire ct measurement of proton affinities is difficult, but the 
pr'Uon affinities of (lilfemit sufistances tan readily be compared—c.g., by finding the 
j.osiin.n of «tpiilihrium in the jiroion transfer process of cqn. (i). Comparing two proton 
<lf,t.ors D, and D, in the same solvent, then the greater the proton affinity of the acceptor 
,1^ ffnttjjarnl with A^ fi.e.. the more readily the donor Dx gives up protons and the less 
riadily Di do's soy. the- rnor«- is tf>r erpiilibrium displaced from left to right*. From the ease 
vviifi v.fii<fi tfi* y split oil' prr^tons. proton <lt>nors may be arranged in a sequence—e.g., 

.u'ording t') Hnmstrdi: 


I. I Ivdrot;* ri . hloritle 
I ri( filora< ' tn ar id 
I )i( fdr>rat <’tie a< id 
j. Pif rir a« m 1 
•, Mono* fiUirao tir arid 


<i. Salicylic arid 
7. o-C^hlorobc nzoie arid 
f{. m-Ch!i*rrjb«*nzoir ar id 
9. Ben/ylammoniiiin ion 
to. Kortnir- ac id 


It. Phcnylacctic acid 

13 . Benzoic acid 

i^. Acetic acid 

(4. iro-Amylammonium ion 

I*,. Piperidinium ion 


In tins series, which applies to solutions in an indilTerenl solvent, benzene, the ease with 
wfiic fi [)rolf>ns arc- lost derrr-ascs from hydrogen chloride to the- piperidinium ion. The order 
is noi \ery difr<Tenl from that found in aqueous solutions, in which th<‘ strength is usually 
inc asiire cl l>y ilu- extent to which the HjO“ ion is formc-d. 'I'here is a significant difference 
in itie ' ase of strong acids, in that measurement in indifferent solvents shows up considerable 
dillcreru c's in (he ease with svhieh protons are lost, which do not appear (or show up rather 
ifuleliiiitr-ly; in acun-otis solution, where the proton transfer reaction with H ,0 takes place 
almost ({uantiiatively. flantzsrh had earlier pointed out that water exerts a 'levelling up’ 
elfec I on the- siri-ngth r)f acids. 

It was sliowri by Schwarzenbaeh (1930) and Wiberg (1934) that proton donor properties 
can fje clrtermined [)otcntiom»*irirally. since the potential difference between a hydrogen 
e|e< trode and a solution (aqueous or non-aqueous) is determined by the proton activity 
'i.e., roughly l)y the prr»ton eoneenlration) in the solution. It is possible to set up a potential 
srries of proton donors, in which they arc arranged in the order of their case of giving up 
protons, just as the metals and other reducing agents arc arranged in a series, according to 
ifieir |Kjt»'ntiometrically measured ease of giving up electrons. 


3* ^Water-like’ Solvents [ 5 J 

(a) General 

Considerable liglit on the nature of reactions occurring in aqueous solution has 
been shed by the study of reactions in .solvents which resemble water in certain 
propcrtics -sirong solvent power, a low intrinsic conductivity, and high conduc¬ 
tivity (jf solutions, arising from the ability to bring about electrolytic dissociation 
of tlissolved substances. Jander [A'aturwissenschafien^ 26 (1938) 779] has suggested 

• I hr position of equilibrium depends upon the solvent. Assume that a proton acceptor 
X has the same proton affinity as NH,. Then equal amounts of HX, NH„ and X' 

wmild cm xist in the equilibrium HX f NH, ?=* NH,^ + X" if the solvent were without 
influenc e. If wati r is used as solvent, however, part of the acceptor NH, is used up by the 
rt action NH, -f H,() NH, • H,0, to form hydrated ammonia molecules. According 
10 the mass aetion law, this displaces the other equilibrium from right to left. Quite 
g. nrrally, sol vation must have the effect of shifting the equilibrium. In the same wa^ the 
assoc lation of the dissolved molecules which is often observed in weakly solvating solvents 
must also displace the proton transfer equilibrium. 
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hat such should be called water-like' solvents. They include liquid annnonia, 
l.qu.d hydrogen fluonde, and liquid sulfur dio.xide. Liquid hydrogen sulfide can 
m a sense be included also, although its properties in many ways closely resemble 
those of the tnd.fferent solvents. Thus the characteristics of water-like solvents are 
found to a peater or less degree in the hydrides of the three elements adjacent to 

however, to the hvdrides— 

as the inclusion of sulfur dioxide shows-but may be found among compounds 
derived from water by replacement of either the hydrogen or the oxygen bv other 
elements. Liquid sulfur dioxide is, in fact, far more Avater-like’ than liquid hydro¬ 
gen sulfide. The condition that a solvent shall act as a water-like solvent is that 

auto-dissociation shall occur as in water (although only to a minute extent in the 
pure solvent): 


HjO^ + OH- (- 

2NH, NHr -h NH,- 2H,S ^ H,S- + SH- 

2HF ^ + F- aSO* + 503^- (6] 

The common feature of these ionization processes is that one molecule of the sol¬ 
vent transfers an elementary ion to another molecule, so as to form an oppositely 
charged ion pair. 


It IS evident that these dissociation processes go beyond the idea of the proton transfer 
reactions, and the analogies between the reactions occurring in the different ‘water-like’ 
solvenu therefore comprise a wider range of phenomena than do the proton transfer reac¬ 
tions. They include total neutralization processes* (including processes analogous to neu¬ 
tralization in water-like solvents), the phenomena of solvolysis, reactions analogous to the 
behavior of amphoteric hydroxides, reactions analogous to the formation of bases from 
anhydrobascs, and of acids from anhydroacids, and indeed the whole range of formation 
of addition and substitution producU by reaction between solute and solvent. 

In general, the higher the dielectric constant of a solvent, the more readily can it bring 
about electrolytic dissociation of dissolved substances. This is only true when dissociation 
takes place in a similar way in the solvents under comparison, and this is not always the 
case (cf.p. 731-2). Table 96 shows the dielectric constants and some other properties of the 
water-like solvents listed above. Of the substances given in the table, only hydrogen fluoride 
has a very high dielectric constant, like that of water. Hydrogen sulfide and sulfur dioxide 
differ from water not only in their much smaller dielectric constants, but also in their 
considerably greater molecular volumes. This last is probably one reason why they generally 
have a far less profound action on solutes than do water, hydrogen fluoride, and liquid 
ammonia. Except at extreme dilution, they apparently never bring about complete 
dissociation, but only partial dissociation. Furthermore, substances which are completely 
hydrolyzed in water only partially undergo the processes analogous to hydrolysis in these 
solvents. Moreover, parallel to the dissociation, it is frequently found that the molecules 
of dissolved substances are associated in these solvents. Conversely, formation of addition 
compounds with molecules of the solvent takes place to a far smaller extent with hydrogen 
sulfide and sulfur dioxide than with water or ammonia. However, the addition of solvent 
molecules to the dissolved substances {solvation) in liquid hydrogen sulfide and liquid sulfur 
dioxide also occurs, as can be inferred from the fact that such addition compounds can often 
be isolated from solution, even though most of them decompose at or a little above ordinary 
temperature. 

* The only processes of neutralization (in the usual sense) covered by proton transfer 
reactions are reactions between acids and anhydrobascs. 
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‘WATER-LIKE’ SOLN’ENTS 




Analogies between processes in aqueous solutions and in water-like systems are 
particularly clearly developed in the ‘ammono’ system-i.e., in liquid ammonia— 

and in the sulfito system—i.e., in liquid sulfur dioxide. The principal kinds of 
reactions which are involved will be briefly discussed. 


(b) Reactions Analogous to Neutralization 

(i) Characteristics. The characteristic feature of neutralization in aqueous so¬ 
lutions is that the process represented by eqn. {5),p. 725.runs practically quantita¬ 
tively from right to left. In the same way, in the ‘neutralization-like’ reactions, the 
processes shown by eqn. (6) also take place from right to left. Since substances 
which produce H3O+ ions in aqueous solution are called acids, and those which 
produce OH- ions are called bases, it is convenient to adopt Jander’s suggestion, 
and to give the names ‘acid analogues’ and ‘base analogues’ to substances which[ 
in water-like solvents, form the ions typical of the auto-ionization of the solvent 
itself. 


Thus in liquid ammonia, acid analogues are compounds which form ions by 

proton transfer to the solvent; in liquid hydrogen fluoride they form H,F* ions; in liquid 
hydrogen sulfide they form HjS+ ions; and in liquid sulfur dioxide they form ions. 

Base analogues in these systems arc compounds which form NH,-, F- (or HF,-), SH-, 
and SO3*- ions, respectively. Hence acid analogues and base analogues react to form un¬ 
dissociated solvent, together with a salt, E.g., 

In water HCl + K[OH] = KCl + H ,0 

[HjOlfClOd -f- K[OH] = KCIO, + aH ,0 

In ammonia [NH4][C1] + KfNH,] = KCl + 2NH, 

In sulfur dioxide [SO]Cl, + K^SO,] = aKCi 2SO, 

[S0][SCN]3 + K*[SO,] = 2K[SCN] + 2SO, 

(SO]Br, -f [(CH,),N]t[SO,] = 2[(CH,),N]Br -h 2SO, 


(11) Solvolysis. Corresponding to hydrolysis in aqueous solutions (‘aquo system’) 
is ammonolysis in the ammono system, or quite generally, solvolysis. 

Hydrolysis SiCl* + 4H,0 = 4HCI + SifOH), (SiO, + aH.O) 

Ammonolysis SiCI* + 8NH, = 4[NH4]C1 + Si{NH,)4 {Si(NH), -f- 2NH,) 
Hydrolysis GeCl4 + 2H.O = 4HCI + GcO, 

Ammonolysis GcCl* + 6NH, = 4[NH4]CI 4- GefNH]* 

(m) Ansolvoacids and Ansolvobases. By analogy with anhydroacids and anhydrobases, these 
terms are applied to compounds from which acid analogues or base analogues are formed, 
by combination with molecules of the solvent; 

Anhydrobase -► base NHj -t- H[OH] = [NH4]''' -f [OH]“ 

(in aqueous system) 

Ansolvobase -*■ base analogue HjO + HF = [H, 0 ]'*' F~ 

(in liquid hydrogen fluoride) 

The number of compounds which function as ansolvobases towards hydrogen fluoride is 
extremely large. 

(ir) Behavior of Amphoteric Hydroxides. There is an exact analogy between the behavior of 
amphoteric hydroxides towards strong bases in water and that of the corresponding sub¬ 
stances in watcr-like solvents. Addition of a little potassium hydroxide to aqueous aluminum 
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chloride first precipitates aluminum oxide hydrate, which then dissolves in cxccp potash to 
form the hydroxoaluminate. In the same way, aluminum chloride dissolved in liquid sulfur 
dioxide reacts with tetramethylammonium sulfite, a base analogue in this system; sparingly 
soluble aluminum sulfite (also a base analogue) is first precipitated, but thb goes into 
solution again as sulfito-aluminate when an excess of the tetramethylammonium sulfite is 
added; 

AICl, + 3KOH = AI(0H)3 + 3KCI. Al(OH), + 3KOH = K,[Al(OH).]. 

AlCU + .l[(CH.}.N]*[SO,] = iAI.tSO,], + 3 [(CH,).N]C 1 
iAU[SO,], + i[(CH.).N],(SO,] = [(CH,) 4 N},[AI(S 0 ,).]. 

In the example taken, the analogy is very far-rcaching. The precipitates in both cases are 
gelatinous, with strong adsorptive properties. In contact with the solution, the precipitated 
aluminum sulfite gradually c^ianges into a more insoluble form, just as the oxide hydrate 
does in contact with the aqueous solution. 

The formation of potassium tetramidozincate is an example of an analogous reaction in 
the liquid ammonia system: 

Znl, + 4KNH, = K,[Zn(NH,)4] + 2KI. 

(v) Double Decomposition Reactions. Salts, in watcr-like solvents, are electrolytes 
which have no ions in common with the solvent. Thus the ammonium compounds 
are not salts in the ammono system, but are the analogues of acid hydrates in the 
aquo system. Similarly, when reactions in liquid hydrogen fluoride are considered, 
fluorides (c.g., NaF) are not salts, but base analogues. 

As in aqueous solutions, the occurrence of double decomposition reactions 
between salts in water-like solvents depends upon differences in solubility. Solu¬ 
bility relations often differ considerably from those in aqueous solutions, so that 
reactions in non-aqueous solvents are frequently useful for preparative purposes. 
The fact that such reactions between salts are less interfered with by solvolysis is 
also often of some value. 

(c) Discussion of Some Water-like Solvents 

(i) Liquid ammonia is a good solvent for many inorganic and organic compounds. 
It occupies a special place among water-like solvents, since it is readily accessible, 
cheap, and can be used for many purposes. No great experimental difficulties are 
involved in carrying out studies in liquid ammonia. [7, 8 ] 

Researches on chemical reactions in liquid ammonia solution started with the observation 
of Weyl (1864) that the alkali metals are soluble therein. More extensive studies of the 
solvent properties ofliquid ammonia were carried out by Gore (1872-73) and Divers (1873). 
In his experiments. Divers used not pure liquid ammonia, but a solution of ammonium 
nitrate in the liquid, which is formed dircedy by the action of ammonia gas on ammonium 
nitrate at ordinary temperature (or better, at o®); the process is analogous to the formation 
of a calcium chloride solution by the action of steam or moist air on calcium chloride. A 
systematic investigation of the properties ofliquid ammonia as a solvent, and of the reactions 
taking place in it, has been carried out since 1898 by Franklin, Kraus, and others (chiefly in 
the United States). From a comparison with processes occurring in aqueous solutions, 
Franklin (1912) suggested the idea of an ammono system of compounds which behave 
towards one another in liquid ammonia solution in the same way as acids, bases, and salts 
do in water (the aquo system). [5] 

Franklin gave the names ammonobases and ammonoacids to the base analogies 
and acid analogues respectively in the ammono system. NH,-compounds which 
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dissociate to form NHr ions-i.e., primarily melal nmtrfrr—liehave as ammono- 

bases. Compounds which form ions by proton transfer in liquid ammonia ac, 

as ammonoacids. As already noted, ammonium compounds, uhicli are 

salts in the aquo system, correspond in liquid ammonia to the acid hvdrates of the 

aquo system. Hence ammonium salts in liquid ammonia react in the same wav as 
acicis in aqueous solution. 


A ypical example of the 'acidic' behavior of ammonium salts in liquid ammonia is 
provided by their use in reactions of the type: ^ ammonia is 

Mg,Si + 4NH4Br = 2MgBr, + 4\H3 -f- SiH, 

(Johnson, 1^35). 

acid amides and most of the amides of non-mctals-also behave as ammonoacids 
just as the corresponding hydroxides in aqueous solution are acids. Organic amines in the 
ammono system correspond to the alcohols in the aquo system. Imidcs Ld im.nes belr the 

amides and amines as. in the aquo system, the oxides do to (he hydroxides 
they differ in so far as they can lose yet more ammonia to form nitrides, which can also be 
considered as the analogues of the oxides. ^ 


Like water, ammonia has a strongly marked capacity to form addition com¬ 
pounds {ammoniates) with other substances. Our knowledge of this class of com 
pound has been greatly extended by the study of liquid ammonia solutions, in that 

higher ammoniates are often formed under these conditions than can be obtained 
with gaseous ammonia. 


Liquid ammonia has such a great affinity for water that it is often possible to extract 
water, by treatment with liquid ammonia, from substances which cannot otherwise be. 
directly dehydrated without extensive decomposition (cf. Vol. I, pp. 354, 495), 

Liquid ammonia can also bring about the ammonolysis of many compounds. 
Amides and imides can be made in this way, and from them, by loss of ammonia, 
the nitrides. Formation of nitrides in this way corresponds exactly to the formation 
of oxides from hydroxides. 


The following solvolysis corresponds to the formation of basic salts by hydrolysis: 

2PbI, + 6NH, = Pb{NH,), ■ Pb(NH,)I + sNH,!. 

Electrolytic dissociation of typical salts in liquid ammonia is usually less than in aqueous 
solution. There are, however, some compounds which dissociate clcctrolytically when 
dissolved in liquid ammonia, although they arc not perceptibly dissociated in aqueous 
solution. Thus acetylene has a distinct electrolytic conductivity in liquid ammonia 
solution. Benzaldehyde, C.HjCHO, and nitromethane, CHjNO,, also conduct, as do other 
nitro compounds. 

The high conductivity of solutions of the alkali and alkaline earth metals in liquid 
ammonia is noteworthy. The dilute solutions arc deep blue in color and the concentrated 
solutions golden. The alkaline earth metals are present in them as ammoniates—e.g., 
Ca(NH8),; the state of dissolved alkali metals is not certain. Solutions of the alkali metals 
change more or less rapidly into colorless solutions of the metal amides, M'NH, (a cesium 
solution within a few minutes, a sodium solution in the course of months). 

The solutions of the metals in liquid ammonia arc highly reactive. Thus, with the alkali 
metals (except lithium) dissolved in liquid ammonia, oxygen forms the alkali higher 
oxides, NO produces the hyponitrites, PH, forms phosphinides, M'PH,. 
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A variety of reactions also takes place with organic compounds—e.g., with weak proton 
donors: 

(C,Hj)jCH + Na = (C,Hi),CNa + 4 H. 

3C,Hi + 2Na = aNaHC, + C1H4. 

Sodium-ammonia solutions react with organic halogen compounds in the manner 
RX -f- Na = NaX + R. The free radical R thus liberated may cither react with the solvent 
to form an amine RNH„ an iminc R,NH, or a nitride R,N, and the hydrocarbon RH or 
two radicals may unite to form the higher hydrocarbon R—R. In some cases the free 
radical remains in solution as such, and the possibility of obtaining free organic or inorganic 
radicals by reactions of this type has been widely exploited. It h« also been pt^iblc by 
analogous reactions to prepare inorganic compounds with relatively long chains e.g., 

Sn(CH,),—Sn(CH,),—Sn(CH,)j—Sn(CH,),—Sn(CH,)3. 

Organic compounds with proton donor properties—acid amides, imides, phenols, thio- 
phenols, alcohols, hydrazines, etc.,—undergo direct replacement of H-atoms by alkali 
metals dissolved in liquid ammonia, and the metal-substituted compounds** readily under¬ 
go reaction with alkyl halides in the same solvent. Liquid ammonia is therefore a good 
solvent for alkylation reactions. Liquid ammonia is a particularly good solvent for nitrogen 
compounds and for reactions carried out with them (Audrieth, 1930). This can be under¬ 
stood in that ammonia stands to these compounds in the same relation as does water to the 
oxygen compounds, for which water is known to have a specific solvent power. 

It is often possible by studying liquid ammonia solutions, to prove that compoun^ 
undergo electrolytic dissociation even when the substances cannot be investigated in 
aqueous solution, because they undergo decomposition—e.g., sodium amide, NaNH„ and 

sodium acetylide, NaHC|. . 1 1 • 

Many intcrmetallic compounds also dissolve in liquid ammoni a, and undergo electrolytic 

dissociation. Thus Zintl (1931) found that the compounds NaPb, was dissolved by ammonia, 
to form lNa(NH,),]4[P^]. The existence of the anion [Pb,]*- of this salt-like compound is 
noteworthy, both because it shows that lead can acquire a negative charge, as might be 
expected from its position in the Periodic Table, and because of its analogy to the poly¬ 
sulfide and polyiodide anions. The [Pb,]‘- ions arc aggregated in solution, into sub¬ 
microns detectable by the ultramicroscope. Zintl was able to prepare the compounds 
[Na(NH,)8]4[Sn,] and [Na(NH,),],[Sb,] in a similar manner. If the ammonia is driven 
off, the alloy phases with no salt-like character are regenerated. 

It is possible to obtain intcrmetallic compounds directly from solution, by reaction be¬ 
tween metals and metallic salts in liquid ammonia. E.g., 

9Na -h 4Zn(CN), = NaZn4 -|- 8NaCN. 

For double decompositions in liquid ammonia, the relative solubilities of the 
substances involved arc an essential determining factor. As in aqueous systems, 
there are also numerous reactions occurring in homogeneous solution, which are 
the result of other factors—e.g., the formation of salts from base analogues and 
acid analogues (or by reaction between ammonium compounds and metal amides), 
due to the tendency for recombination of NH4+ and NH,“ ions to form NHs- 

Examples of double decomposition reactions in liquid ammonia are given below. In all 
the cases shown, the completion of reaction is due to the insolubility of one of the reaction 
products. The compounds insoluble in liquid ammonia are therefore underlined. 

* With triarylmethyl halides, for example, where the free radical is stabilized by ‘reson¬ 
ance’. 

** These can be formed by the action of the alkali metal amides in liquid ammonia, as 
well as by the alkali metals. The reaction of the amides with proton donors corresponds to 
that of bases with acids in water. 
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Ba{N 03 ), + aAgCl = + 2AgNO, 

Ba(NO,). + 2K0C,H, = Ba(OC,H,) , + 2KNO, 

AgNH, + HN-C(NHi), = AgN = C(NH,) , + NH, 

AgNO, + KNH, = AgNH , + KNO, 

Pb{NO,)s + 2KNH5 = PbNH + NH, 4 - 2KNO, 

sHgCNO,)* + 6KNH, = Hg,N, + 4NH3 + 6KNO, 

Insoluble compounds may be converted to soluble compounds by complex formation, as 
in aqueous systems: 

Zn(NH,), T 2KNH, = K3[Zn{NH,),]. 

The solubility of inorganic compounds in liquid ammonia depends on thcLr heat of 
solvation, in the same way as do solubilities in water. The solubilities of some compounds in 
liquid ammonia and in water are compared in Table 97. 


TABLE 97 

SOLUBILITY OF ALKALI SALTS IN LIQUID AMMONIA AND IN WATER 

(in mols of salt per 1000 g of solvent, after Linhard and Stephan, 1932) 


Solvent 

NaCI 

NaBr 

Nal 

NaNO, 

KCl 

KBr 

KI 

KNO3 

Liquid ammonia 

2.20 

6.21 

8.80 

15*00 

0.0177 

2.26 

1 1,09 

1.04 

Water 

6.10 

7.71 

10,72 

8.62 

3-76 

4-49 

7-72 

1.30 


Liquid ammonia has been successfully used as a solvent for electrolysis. Many metals can 
be elcctrolytically deposited from solutions of their salts in liquid ammonia, although it is 
impossible to deposit them from aqueous solution—e.g., beryllium (Booth, 1930-31). Free 
radicals such as HgCHj (Kraus, 1913) and Cr(C*Ht)4 (Hein, 1926) have also been liberated 
electrolytically from liquid ammonia solution. When a solution of a quaternary ammonium 
salt [NRfjX in liquid ammonia is electrolyzed, a deep blue coloration is obtained at the 
cathode, similar to that which is characteristic of the solutions of the alkali metals in liquid 
ammonia. It has been inferred from this that the free NR* radicals must have a transient 
free existence in such solutions (Schlubach, 1920). 

(it) Liquid Hydrogen Fluoride. Our knowledge of liquid hydrogen fluoride as a 
solvent is due largely to K. Fredenhagcn (1928 and later). Although the dielectric 
constant ofliquid hydrogen fluoride is not quite so great as that of water (Table 96), 
the solvent properties and dissociating power of hydrogen fluoride are far greater 
than those of water. Not only does it dissolve many inorganic compounds, but it is 
an excellent solvent for the majority of organic compounds. Its behavior towards 
compounds which can undergo electrolytic dissociation is often rather different 
from that of water towards the same substances. Many compounds which in 
aqueous solution have a definitely acidic character react with hydrofluoric acid 
in a manner resembling the reaction of anhydrobases with water. The behavior of 
liquid hydrogen fluoride towards salts is largely determined by this peculiarity. 

On the assumption that the auto-ionization of liquid hydrogen fluoride follows 
the equation: 

2HF ^ -P F-, * 

* The properties of hydrogen fluoride in aqueous solution make it more probable that 
auto-ionization takes place chiefly by the process 3HF - [H.F)+ + gIF,]-. If this is so, 
the hydrogen fluorides M>[HF,], and not the normal fluorides M«F, are the true base 
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fluorides play the part of base analogues in liquid hydrogen fluoride, since they 
furnish F“ ions. There arc only a few substances which can function as acid 
analogues in liquid hydrogen fluoride. 


The difference in behavior of hydrogen fluoride and water towards many substances 
arises from the fact that hydrogen fluoride is a much more powerful proton donor than 
water. It donates protons to many compounds which can abstract a proton from water. 
Thus it reacts with alcohols and phenols according to the scheme: 

ROH + HF ^ [ROH,]* + F".• 

Thus phenols, which act as acids in aqueous solution, behave in liquid hydrogen fluoride 
in the manner of anhydrobascs in water, being converted into base analogues, [ROH,][F] 
by reaction with the solvent. Liquid hydrogen fluoride reacts similarly with water, formic 
acid, acetic acid, etc., and also with acetates, and even with nitrates: 

H ,0 + HF= [H,Oj* + F- 

HCOOH + HF = [HC(OH),]++ F- 

CH3COOH + HF = [CH,C(OH),]> + F- 
CHjCOOK + 2HF = [CH,C(OH)d+ + K+ + 2F- 
KNO, + 2HF = [NO(OH),]+ + + 2F- 


The reaction shown with the salts corresponds to the reaction of water with metal amides: 

KNH, 4 - 2HOH = [NHJ+ + K* 4 - 2OH-, 

except that in the latter case the weak base NH4OH is formed together with the strong base 
KOH: in the reactions in liquid hydrogen fluoride both base analogues KF and 
(CH,C(OH),]F or [NO(OH),]F, respectively, are strongly dissociated. 

Work with liquid hydrogen fluoride as solvent is attended by far greater experi¬ 
mental difficulties than work in liquid ammonia. However, the strong proton 
donor properties of hydrogen fluoride lend a special character to its reaction with 
dissolved substances, and an extension of our knowledge (especially of solutions of 
organic compounds) is likely to yield important results. 


(«•) Liquid Hydrogen Sulfide. As befits its relatively large molecular volume and low 
dielectric constant, liquid hydrogen sulfide does not possess nearly such great solvent power 
or ionizing properties as the solvents just considered. Only a limited number of inorganic 
compounds will dissolve in liquid hydrogen sulfide, but it is a rather better solvent for 
organic coi^unds. Among inorganic compounds, a few halides such as PQ., PCI, PBr, 
PI, and BiCl, are soluble; their solutions have only a very low electrolytic conductivity’ 
Substances with marked proton acceptor properties—e.g., organic amines—form better 
®°*'J**®*^- ** ** curious that the molar conductivity of these solutions decreases 

dissolved in liquid hydrogen sulfide decompose 
nLn n I " Solvent. These decompositions often take place extremely sIoX— 

often only in the course of weeks at room temperature (in a pressure tube). ^ 

analogue in the hydrogen fluoride system. The normal fluorides would correspond to the 
mF jaqueous system. However, it has not yet been proved that 


[ROH,]^ 4 - F- ^ RF + H, 0 ; H ,0 4- HF ^ [H, 0 ]- 4- F- 

may also take place to some extent, and lead to a further increase in -i 1 j 
tivity of such solutions. ^ increase in the electrical conduc- 
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It IS not hkcly t^hat liquid hydrogen sulfide will be of practical importance in any field 
since It does not ^od solvent properties, and its low boiling point occasions a good 
deal of experimental difficulty. For this reason it has not been widely studied and LZ t, 

-^stances m hydrogen sulfide.Wilkinson (iq. and 
later) had earned out much of the work on hydrogen sulfide as a solvent. ^ 


(w) Liquid Sulfur Dioxide, As was found by Walden (1902), liquid sulfur dioxide 
IS a good solvent for many organic and inorganic compounds. Among inorganic 
compounds, the iodides, bromides, chlorides, thiocyanates, and acetates of certai.i 
light and l^avy metals are fairly soluble, as are most salts of substituted ammonium 
radicals Organic compounds containing oxygen and nitrogen are often verv 
so^ble, but only cyclic or unsaturated hydrocarbons. The differing solubilities of 

different classes of hydrocarbons in liquid sulfur dioxide are utilized in the Edelea- 
nu process for refining petroleum. 

A systematic investigation of reactions between substances dissolved in liquid 
sulfur dioxide has been made during recent years by G. Jander {1936 and later). 
This has shown that in all respects the processes are analogous to those taking place 
in aqueous solution, when allowance is made for the fact that in thissolvent tliionyl 
compounds, SOXj, act as acid analogues and the sulfites, M'2[S03], as base 
analogues. Jander was able to show by conductometric titrations that these sub¬ 
stances mutually neutralize each other, like acids and bases in aqueous solutions. 
Acid analogues and base analogues in liquid sulfur dioxide are dissociated to about 
the same extent as are the weak acid and bases in water. 


Wal^ behaves in liquid sulfur dioxide as ammonia does in aqueous solution—i.e. like an 
anhydrobase: 


2H,0 + 2SO, t(H, 0 ),S 0 ]»^ -F [SO,]*-. 


The base analogue compound, [(H, 0 ),S 0 ][S 0 ,], thereby produced, can form salts with 
acid analogues. 


[(H, 0 ),S 0 ][S 0 ,] -FSOBr, = [(H, 0 ),S 0 ]Br, + 2SO,. 

This reaction can be followed conductometrically. Just as salts which are insoluble in water 
can often be converted into soluble complex salts, by substitution of ammonia, so the same 
occurs in liquid sulfur dioxide by substitution of water: 

Co{SCN), + 2H,0 = (Co(H, 0 ),](SCN),. 

The reaction of zinc ethyl with liquid sulfur dioxide provides an illustration of solvolysis: 

Zn{C,Hs), + SO, = ZnO + OS(C,H,),. 

Liquid sulfur dioxide has a much weaker solvolytic power than water, however, so that 
substances such as SiCb, SnCb, and SbCI„ which have a great tendency to undergo 
hydrolysis, form clear solutions in liquid sulfur dioxide, with no sign of solvolysis. 

(it') Other WaterMke Solvents. Table 98 summarizes some properties of a number of other 
solvents which are more or less water-like in behavior. The solvents are set out in the order 
of their dielectric constants. Liquid hydrogen cyanide is notable for its very high dielectric 
constant. Anhydrous (‘glacial’) acetic acid is a widely used non-aqueous solvent, and its 
behavior towards dissolved substances has been extensively studied. 
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Molten substances can be included among solvents in the most general sense. Melts of 
indifferent substances, such as arc sometimes used in molecular weight determinations 
(e.g., camphor), do not differ in any essential respect from ordinary indifferent solvents, 
except that they melt at higher temperatures. Molten salts and similar substances are very 
different, however, and their melts possess a considerable electrolytic conductivity. They 
occupy a special position in relation not only to the indifferent solvents, but also to the 
water-like solvents, since the intrinsic conductivity of the latter is generally very small as 
compared with that of dissolved electrolytes. Of substances which are liquid at the ordinary 
temperature, it is possible that anhydrous nitric acid (‘nitronium nitrate’, cf. Vol. I, p. 600) 
should be included among the ‘molten salts’. 

Molten salts arc of great technical importance in the electrolytic preparation of the 
metals, and especially the light metals. The conditions for the electrodeposition of metals 
from such melts have therefore been extensively studied [p, to]. The decomposition potential 
of a pure compound in the molten state is generally not identical with the decomposition 
potential of the compound when present in solution in the melt of some other substance. 
This accords with the general rule that the decomposition potential depends on the solvent. 
The composition of the melt does not usually exert a very large effect on the decomposition 
potential of a dissolved compound, but it cannot be neglected in precise measurements. 

The study of reactions occurring between molten metals and molten salts or oxides with 
which they are in contact (displacement equilibria) is also of considerable technical 
importance, since it can be applied to the interaction between metals and slags in metal¬ 
lurgical processes. It is usually possible to apply the chemical law of mass action, and the 
Nernst distribution law. directly to equilibria of this kind, without making allowance for 
deviations from the laws of ideal solutions, such as might arise from the association of 
molecules in the melt. In many cases, however, the deviations from the ideal laws are very 
considerable, and association between ions frequently occurs in melts. Thus Jellinek {1933) 
concluded from substitution equilibria that ions such as Li,**, C!,*', Cl«*', Br,*-, and Br**- 
were present in molten salts. The exact nature of the associated ions, and of the structure 
of the liquids, is not yet fully explained; it is most likely that the association involves a loose 
coordination between positive and negative ions, so that the ‘short range’ structure around 
each ion is not very different from that existing in the solid salts. [Sec, for example [9]. and 
Heymann, Proc. Roy. Soc., A 188, (1947) 393 ; A 194 {1948) 210]. 


5. The Lewis Theory of Acids and Bases 


For many purposes it is advantageous to consider acid-base reactions and 
related processes independently of the solvent. This is made possible by the acid- 
base theory of G. N. Lewis. According to this theory, the acid character of a sub¬ 
stance arises from the ability of one of its atoms to accept a share in a pair of electrons 
from another substance, with the resultant formation of a coordinate covalent 
bond; the substance donating a share of an electron pair is said to possess basic 
character. Amphoteric substances are therefore those which can both accept and also 
supply an electron pair for the formation of a coordinate covalent bond. 

The reaction of an acid with a base in aqueous solution, i.e., reaction between 
the hydronium and hydroxyl ions, depends then, according to Lewis, on the 
following process: 


H:6:H 
• • 

+ 

+ 

:6:H 

H 




H; O : H : O; H* 

• • • • 

H 


2H,0 (7) 


* This is merely a hypothetical intermediate product; it is not to be regarded that 
hydrogen can be bound to two oxygen atoms by covalent bonds. 
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In the consideration of the neutralization process, Lewis therefore emphasizes not 
the formation of the end product (H, 0 ), but rather of the intermediate (and in 
many cases, hypothetical) product of the reaction, i.e., that substance arising from 
the initial formation of the coordinate covalent bond. From the Lewis viewpoint 
there is a complete analogy between neutralization reactions in aqueous solution 
and reactions involvingsaltformation without participation ofsolvent. For example, 
the formation of NH,C 1 from HCl and NH,. (combination of an acid with an 
anhydrobase), and the production of CaCOj from CO, and CaO (reaction be. 
tween an acid anhydride and a base anhydride), may be regarded as neutraliza. 
lion reactions: 

H ?? .. 

H;N: + H: Cl: = H: N: H: Cl: = [NH.]+ Cl" (8) 

.. • • •• •• 

H H 

Ca2*:0:*- h 0::C::0 = Ca**^ I 0 ::C: 0 : (9) 


corresponding formulation results for the reaction of acid analogues with base 
analogues; for example, 


0 :;S 

+ 

• • 

: 0 :S: 0 : 

» • * 


:0: 



S: O: S: O: 



sSO, (10) 


Many species of complex compounds fit into the same pattern and can therefore 
be regarded as neutralization products of acid>base reactions. As illustrations, the 
formation of the BF<“ ion, as well as of the addition compound of BF, with NH„ 

may be given: 


F 
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The apparent analogies between reactions of the types represented in equations 

(7)“{>2) shed light on many reactions which play an important role especially in 

organic chemistry. Thus the action of aluminum chloride as a catalyst in certain 

reactions (e.g., in Friedel-Crafts syntheses) becomes understandable when one 

considers that this compound has, in common with die excellent catalyst the 

[H, 0 ]+ ion, the ability to accept an electron pair with the formation of a covalent 
bond. 

In general, acids react instantaneously with bases, without an apparent de¬ 
pendence on temperature. But there are cases in which an activadon enei^ is 
necessary for reaction to occur and consequently the speed of reaction is tempera- 
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turc dependent. Substances which apparently must be activated before they mani¬ 
fest their acid (or base) character have been termed secondary acids (or bases) by 
Lewis. He has assumed that where activation is necessary for reaction, electromeric 
forms of the substances exist, and it is in these forms only that the acid or base 
function may be manifested. 
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CHAPTER 19 


REACTIONS OF SOLID SUBSTANCES 


I. Introduction 


(a) General 

The reactions of solids [z-^]—that is to say. reactions in which one or more of 
the reactants is a solid substance—can be divided into two classes, depending on 
whether reaction takes place at the surface of the solid reactant or in the interior of the 
solid. The reactions of the second kind are commonly referred to as reactions in 
solids or ‘solid-phase’ reactions*. When all the reactants are solids (i.e., when no 
liquids or gases are involved) the reactions are referred to as reactions between 

solids. 

Examples of reactions at the surface of solids, in which the solid is consumed are the 
combustion of carbon in oxygen to form CO„ the dissolution of zinc in hydrochloric acid, 
and the rusting of iron. These reactions show that gaseous or liquid (or dissolved) substances 
can take part in the reaction, and the products may or may not be solid. However, if a 
solid reaction product is formed, the chemical change can continue at the surface of the 
reacting solid only if the reaction product is sufficiently porous to allow the access of fresh 
gaseous or liquid reactant to the surface. 

It is only possible for two solid substances to react directly, without the intervention of 
gaseous, liquid or dissolved substances, if chemical change can take place in the interior of 
the solid. The same applies to reactions of solids with gases or liquids and solutions, if the 
reaction product forms a compact coherent layer on the surface. 

Reactions taking place at the surface of solids have long been familiar to 
chemists. Little attention was formerly given to the fact that reactions can also 
take place in solids, although thermal decomposition reactions of solids, attended 
with the evolution of gas, arc of this kind, and many of them—such as the de¬ 
composition of CaCOs into GaO and CO,—have been applied to practical ends 
since the earliest times. Reactions involving only solids—i.e., in which the reac¬ 
tants, the product and any intermediate stages are all solids—were formerly 
considered to be impossible. Although certain reactions of this kind have long had 
practical application—c.g., the cementation of iron—it was held that solids were, 
by their nature, incapable of reaction, in accordance with the old rule ‘corpora 
non agunt nisi fluida’. It is, indeed, true that gases and liquids are generally much 
more reactive than solids. Nevertheless, there arc many examples of reactions 

• There is no general descriptive name for reactions of the first class. The name ‘reactions 
on solids’ or ‘surface reactions’ is used for reactions which take place at the surface of solids 
without the solid being consumed in the reaction—i.e., for catalytic reactions. 
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between solids which occur rapidly and strongly exothermically. This generally 
occurs, indeed, only at elevated temperatures, but far below the melting point. 
The systematic study of such reactions and the associated phenomena has pro¬ 
duced results of considerable technical importance, as well as adding much to our 
knowledge of the nature of the crystalline state, and of the mechanism of chemical 
reactions in general. 

Among reactions proceeding in the solid state there must be included the electrolytic 
dccortiposition of solid salts and similar compounds. As was shown by Bruni (1913) and 
Tuband.t (1920), many salts have a considerable electrolytic conductivity far below their 
melting point—e.g., Agl at temperatures as low as 146^. The mobility of the silver ion in 
solid silver iodide at 146' is about the same as that of the silver ion in aqueous solution at 25 . 
It is noteworthy that (at lower temperatures, especially) as a rule only one of the two species 
of ion making up the crystal of a compound is concerned in the transport of current, 
whereas the other species of ion remains immobile in the crystal lattice. 


(b) Historical 

The processes which play a part in reactions taking place at the surface of solids were 
largely explained in the classical epoch of physical chemistry. Reactions and other transfor¬ 
mations occurring in the interior of solids, and especially the reactions involving only solid 
substances, have only received systematic study during recent years. Processes characteristic 
of such reactions were first investigated for metais by Tammann (1905 and later). The 
diffusion of solid metals into one anloher was first recognized by Roberts-Austen (1895) for 
the interdiffusion of lead and gold; Bruni (1911) proved the occurrence of diffusion in 
metals, from the decrease in electrical conductivity that accompanies mixed crystal for¬ 
mation. The wider study of reactions between solids was first taken up by Hedvall (1910), 
for the case of non-melallic solids (oxides, salts, etc.). Following Hedvall, the course and 
mechanism of reactions of this type has been investigated by Tammann (since I 925 )> 
W. Jander (since 1927), Fischbeck (since 1927), and others. From the knowledge of the 
structure of solids derived from X-ray crystallography and an understanding of the forces 
acting between the constituents of the crystal lattice, von Hevesy (1922), Smekal (i 925 )> 
Jost (1926), Wagner (1930), and others were able to find a rigorous physical basis for the 
interpretation of the phenomena observed in the reactions of solids. It also became clear 
why reactions and transformations occuring in the solid state should pass through inter¬ 
mediate states characterized by high reactivity, such that many substances prepared by 
solid-state reactions can be obtained in forms with high energy content and high reactivity 
(Hedvall, 1922 and later; Hiittig, 193* ‘atcr). ‘Tarnish reactions’ and other processes 
can also be given an dtact treatment. This theoretical advance is due largely to Wagner 

( 1933 )- 


(c) Diffusion 

Processes of diffusion are of fundamental importance for reactions taking place 
both at the surface and in the interior of solids. Diffusion signifies the progressive 
mixing of different substances in contact with one another, as a result of molecular 

motion, without the operation of any external forces. 

Diffusion in solutions is governed by the following law. The quantity dn of a 
dissolved substance which diffuses in the time d( through the cross section g, from 
the direction of high concentration to that of low concentration is proportional 
to the concentration gradient in the direction of diffusion, -dr/dx, and the cross 

section a: 

^ - dc 

dt 


= —Z) 




(I) 


D is known as the diffusion coofficiont of the substance, and defines the quantity 
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I in grams or gram-molecules, according to the units chosen) diffusing in unit time 
through a cross section of i sq. cm, when the concentration gradient is i. The 
concentration must be expressed in the same units. 

The diffusion coefficient depends upon the temperature, the nature of the dissolved 
substance, and the solvent. Since dissolved substances alter the properties of the solvent, 
the diffusion coefficient of any substance is not independent ofother substances contained in 
the same solution. For the same reason, it is not independent of the concentration of ffie 
diffusing substance. At constant temperature, and in some one solvent, the diffusion 
coefficients of different substances are inversely proportional to the square root of their 
molecular weights, provided that the substances arc chemically similar, of similar structure, 
and not too highly solvated in solution*. 

^ (a) 

r>, 

where D,. D, arc the diffusion coefficients, and Af,, A/, the molecular weights of substances 
I, 2. In electrolyte solutions containing different quantities of other electrolytes, 

(5a) 

Di • VA/i 


where r/i, r?j are the different viscosities of the solutions resulting from the differing contents 
of foreign electrolyte. 

The fundamental law of diffusion represented by eqn (i) was suted by Fick in 
1855. It applies also to the diffusion of miscible liquids into one another, and for 
the mutual diffusion of gases. 

When Pick’s law is applied to the diffusion of gases into one another, the quantity 
substituted for c in eqn (i) is the density of the gas diffusing through unit cross section. The 
same diffusion coefficient applies to the diffusion of the second gas, in the opposite direction, 
but the density-gradients are different for the two gases. Thus equal volumes of the two 
gases diffuse across any cross section, but different quantities by weight. The diffusion 
coefficients of gases depend upon the temperature and on the pressure, but vary only very 
slightly with the composition of gaseous mixtures. 

Diffusion of gases into one another should not be confused wdth the permeation of gases 
through a hne-pored wall (e.g., of unglazed porcelain), which is also commonly called 
‘diffusion’. The diffusion of gases through porous membranes follows the law of Graham 
and Bunsen, which states that the diffusion coefficient of a gas is inversely proportional to 
the square root of its molecular weight. The same law applies to effusion —i.e., the flow of a 
gas out of a very fine aperture in a thin wall. Since the density of a gas is proportional to 
its molecular weight (Avogadro’s law), Graham’s law can be put in the form:—the rates of 

* The limitations to the validity of this law are not yet well understood. Since the 
molecules in a liquid do not move in free space, conditions are very different from those 
governing diffusion of gases, in which the diffusion coefficient is proportional to the 
molecular velocity (i.e., to Af“f). It might, at first sight, be supposed that molecular size 
would be more important than molecular weight in solutions, where the solute molectiles 
must escape at each step from a ‘cage’ of solvent molecules of comparable size. For colloidal 
particles, however, where there is an order of magnitude difference in size between 
diffusing particles and solvent molecules, the diffusion coefficient does accord with eqn {2). 
The theoretical justification for eqn (2) is thus weak, and it has not been very rigorously 
tested, although it has been widely used for determinations of molecular and ionic weights. 
See Souchay, Bull. Soc. ehim. France, 14 (1947), 914. 
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effusion ofgases, and of their diffusion throuEhDorousmemhr:,n.c . • . 

al to the square root of their molecular weights: ’ proportion- 


t * y My 


(3) 


This simple relation does not hold for the rate of 

the absence of a membrane. HowevcVThrkLetic fheZ nf l “"5 i" 

connection between the rate of diffusion of gases into ea^h oth^r'lnd^ th ^ ^ 

and velocities of the individual gas molecules Tins last is. Leed, inverselyTroporronri'm 

weights, the faster do gases diffuse into one another. 

Diffusion in solids U,5\ « also formally described by Pick’s diffusion law, although 

the mechariism of the diffusion process is quite different from that applying in 
gases, liquids, or solutions. ^ 


coefficients in gases, solutions, and solids. It may 

ffiartemn* "'“■'c rapidly than in liquids. In solids, even a^ 

high temperatures, diffusion rates are generally far smaller than in liquids, but there are 

certain cases in which the diffusion coefficients in solids at only slightly elevated temper¬ 
atures actually exceed the values found for liquids or solutions at ordinary temperature 

sohd subsunces thus vary over a very wide range of magnitudes. 


I0-’ cm*sec-‘ at only 


tAft I frr> - • —. y V mu 

Whereas the diffusion coefficient of Au in Pb reaches a value of 3.5 
250% that ofMo in W is only 1.0 • cm*scc-» at 2000“. The lower limit of measurabTliw 
IS alwut 10- ’ cm*sec-'*, but measurement of diffusion coefficients much smaller than 
10 cm^cc“^ IS attended with some difficulty. 

Diffusion coefficients in solids vary with tern 
perature according to the formula 


D = • c 


(4) 


where Dq and are constants depending on 
the nature of the material**. has the di¬ 
mensions of energy, and can be regarded as 
the activation energy of the (activated) diffu¬ 
sion process (cf. Chap. 17). Fig. 96 shows the 
logarithm of the diffusion coefficient of Mo in 
W, plotted against the absolute temperature; if 

log D is plotted against a straight line is ob¬ 
tained. Whereas, between 2600® K and 2300® K, 
the diffusion coefficient of molybdenum de¬ 
creases by only about one power of 10, it falls 
by more than seven powers of 10 between 
1000® K and 7oo®K. This extraordinarily rapid 
diminution in diffusion coefficient below a 



tungsten. 


certain temperature range is a consequence of the form of eqn (4), and is therefore ob¬ 
served for most solids. For this reason, even for solids in which diffusion occurs fairly 
readily at only a few hundred degrees centigrade, the diffusion coefficient has generally 
fallen to immeasurably small values at ordinary temperature. 


* In a few special cases, where diffusion can be measured by the a-particle recoil method 
(see ref. [^]), this can be extended to io~“ cm*sec“*. 

** The empirically determined constants Dq and ( 2 . can also be calculated on certain 
assumptions—cf. Van Llempt, /ifc. trap, chim., 51 (1932) 114. 
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(a) General 

When a nr,ixture of two powdered solids is heated, it is often found that a 
strongly exothermic process sets in at some temperature. It shows itself in a sudden 
and often very considerable, rise on the curve, obtained by plotting the 

temperature of the mixture against the time, 450 
while the mixture is heated steadily (cf. 

Fig- 97 )- This evolution of heat, which may 
take place at a temperature far below the 
melting points or decomposition tempera¬ 
tures of the constituents of the mixture, repre¬ 
sents the heat of reaction of some chemical 
reaction taking place between the solids—i.e., 
in the example of Fig. 97, in the reaction 

BaO -f- CuSO* = BaS04 -f CuO. 

0 50 100 150 

Analysis of the materials after heating proves ' ^ecootfi 

that this reaction has, in fact, taken place. 97 - Heating curve for BaO -f- 

_ , . . GuSO^ (according to Hedvall). 

bven when the heat of reaction is too small, or 

the rate of reaction too sluggish, to show itself by a rise in the heating curve, it is possible 
to determine the temperature at which reaction sets in from analyses of mixtures heated 
to different temperatures. 

It has been proved (Hedvall, 1924; Tammann, 1927) that reaction in cases such as that 
cited is not dependent upon the presence of Jowcr-melting impurities, nor need it proceed 
by way of gaseous decomposition products, formed in traces by thermal dissociation. The 
processes involved are true solid-phase reactions. Reactions occurring in the same way as 
that cited include those between basic and acidic oxides, to form salts or double oxides; 
reactions between non-volatUe acidic oxides and carbonates; the substitution of metals in 
salts, oxides, or sulhdes by baser metals; double decompositions between salts (e.g., 
BaCOs + CaS04 = BaSO* CaCOs); and double decompositions between metal oxides 
and metal sulfides, phosphides, carbides, or silicides. 



To explain these reactions, it is assumed that, with rise in temperature the atoms 
or ions in crystals execute vibrations of continually increasing amplitude about 
their mean positions. When the amplitude of these vibrations becomes great 
enough, they result in a more or less frequent exchange of positions in the crystal 
lattice. [4] 

This place-exchange occurs especially readily in ‘loosened’ or ‘defective’ crystals—i.e., 
those in which there are sub-microscopic channels, surfaces of discontinuity, etc.,—since in 
these the free surfaces (in the interior of the crystal) offer possibilities of freer displacement 
of the atoms. Even in completely homogeneous crystals, however, the lattice defects (inter¬ 
stitial atoms and vacant lattice positions), which are always present to some extent in a 
state of thermodynamic equilibrium, make it possible for placc-cxchange to occur. At points 
where different crystals are in contact, atoms or ions can pass from one crystal to another 
by place-exchange. If the crystal powder consists of a single substance this process can lead 
to cohesion or such as is utilized in powder metallurgy (cf. p. 2). Associated with 

this is a certain measure of realignment of the crystalline structures and a recrystallization 
of the grains (cf. Vol. I, p. 571). In a powder mixture, place-exchange at the points of con¬ 
tact of chemically dissimilar particles results in a chemical change, which is then propagated 
into the interior of the crystal by a continuation of the process from the interface. This 
propagation of the chemical change is necessarily dependent upon the rate at which atoms 
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or ions can migrate into the crystal by place-exchange processes—i.e., on their diffusion rate 
It) the crystal. 


It has been shown that the rate of propagation of reactions in solids, and the 
temperature dependence of the reaction rates, arc fairly well described by the 
laws of diffusion. In particular, they usually follow the parabolic (/*^*) law quite 
closely (p. 754). The variation of reaction rate with temperature is given by eqn (4) 
above. According to the theoretical model, the occurrence of recrystallization and 
of chemical reaction in solids are conditioned by the same factor. Hence the idea 
that the progress of chemical reactions is determined by place-exchange processes is 
supported by Tammann’s observation that the temperature of inception of reac¬ 
tion between solids is almost always the temperature at which one or other reac¬ 
tant begins to recrystallize. 


Sintering, which was formerly regarded as a consequence of the partial fusion of crystal 
powders, can (as was proved by Hedvall) take place at temperatures below those at which 
any fusion is possible. In such cases, the caking together of powder grains is the result of 
place-exchange and diffusion processes at the points of contact of crystals, and the conse¬ 
quent rccrystallization. The latter very often leads to a considerable decrease in the volume 
occupied by the powder—a process known in ceramic technology as shrinkage. These 
processes often lake place with enhanced case in mixtures of powders in which reaction can 
occur, since the place-exchange at points of contact is favored by the chemical affinity of the 
system. The interpretation of these phenomena is of considerable technical importance— 
e.g., in understanding the phenomena observed in the firing of Portland cement, and in 
ceramics. 


When they are taken to completion, reactions between solids always result in 
the complete disappearance of one of the components, except when a complete 
series of mixed crystals can be formed. 

It can be shown from the Phase Rule that this must be so. Consider, for example, a 
mixture of BaO and CuSO,, in which the reaction BaO CuSO* = BaS04 -f CuO can 
occur. The system contains 3 components (BaO, CuO and SO,). The proportions of the 
starting materials are arbitrary, but are not subject to change when a mixture has been 
made up, so that there remain two degrees of freedom (temperature and pressure). The 
number of solid phases that can coexist in a state of equilibrium k thus three. Hence only one 
other solid phase can be present in equilibrium with CuO and BaSO,, and this may be 
either BaO or CuSO,, depending on which was present in excess in the original mixture. 

If it is possible for several compounds to be formed between two substances, the 

product of the reaction in the solid state depends not only on the composition of 

the mixture, but also on the rates of diffusion through the various phases of the 

ions undergoing exchange. For example, from GaO and SiO, four compounds, 

with the compositions aCaO • SiO„ aCaO • SiO„ aCaO • aSiO,, and CaO • SiO,’ 

can be formed by crystallization from melts. It was shown by W. Jander that by 

reaction in the solid state the primary product is always the orthosiJicate, aCaO • 

SiO„ whatever the composition of the mixture. If SiO, is present in excess, the 

orthosilicate is subsequently converted into the silicate corresponding to’ the 

composition of the mixture. In a mixture with a i : i molar ratio, the orthosilicate 

IS ^t converted to the sUicate aCaO • aSiO,. and from this the metasilicate 
CaO • SiO„ is formed (cf. Fig. 98). 
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According to Jander the course of the reaction is as follows. Where a CaO crystal is in 
contact with a gram of S.O,. a thin crystalline layer of orthosilicate is first formed, by a 
place-exchange process (cf. Fig. 99a). In order that further reaction shall occur, it is neces- 



Fig. 98. Reactiort between CaO and Fig- 99 -representation of the course 

SiO, in the solid state. Variation in of the reaction between CaO and SiO, in the 

yield of products with the duration of solid state. 


heating (after Jander). 


sary for CaO (which is more mobile than SiO«, as a variety of observations indicate) to 
diffuse through the aCaO • SiOj, as shown by an arrow in the sketch. Provided that the 
orthosilicate layer is not too thick, this diffusion occurs so rapidly that continued formation 
of aCaO • SiOj occurs at the interface between this phase and the SiO,. 3CaO • SiO* can 
be formed at the interface between aCaO • SiO| and CaO, but this compound is formed so 
slowly at laoo'* that it could not be detected in the experiments forming the basis of Fig. 98*. 
As the orthosilicate layer grows in thickness, the arrival of CaO at the interface between 
aCaO • SiO, and SiO, eventually fails to keep pace with the production of sCaO • aSiO, 
at that point. A thin layer of this last compound therefore begins to form, and its further 
growth is subject to the same considerations as the formation of orthosilicatc. The latter goes 
on forming at its interface with the 3CaO ■ aSiO, layer, depending upon the transport of 
CaO by diffusion. This stage of reaction is illustrated by Fig. 99b. When the arrival of CaO 
at the interface between the SiO, and the 3CaO • aSiO, layer no longer suffices to continue 
formation of the latter, the metasilicate, CaO • SiO„ begins to form there (Fig. 99c). 
When, finally, the CaO has completely dbappeared, diffusion of CaO out of the ortho¬ 
silicate, and through the sCaO • aSiO, and CaO • SiO, layers, towards the SiO„ diminishes. 
If SiO, is present in excess, the same applies to the 3CaO • aSiO, phase (Fig. 99d). If the 
original mixture had a i : i molar ratio, only the metasilicate eventually remains. 

If the rates of formation of sCaO • aSiO, and of CaO • SiO, were vanishingly small 
compared with the rate of diffusion of CaO through the rapidly formed orthosilicate, the 
latter alone would be obtained (together, of course, with excess of one or other component), 
irrespective of the composition of the starting materials. With many reactant systems, this 
appears to be the case. Thus Dykerhoff (1925) found that only the compound CaO • A 1 , 0 , 
was formed when solid mixtures of CaO and A 1 , 0 , were heated, whatever the proportions, 
although these substances can form four compounds (3CaO • AI, 0 ,, • 3A1,0,. 

CaO • A 1 , 0 , and sCaO • 5A1,0,). 


Rates of reactions in solids are strongly dependent on the particle size of the 
powders, since they are dependent upon the speed of diffusion of atoms or ions 
through the crystalline particles. The more finely divided a powder mixture, the 
more rapidly do reactions proceed to completion. The presence of lattice dis¬ 
turbances also promotes reactions, since place-exchange processes are thereby 

facilitated. 

* 3CaO • SiO. decomposes into CaO and 2CaO - SiO, rather below I200^ 
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It can be both deduced ihcorcticaHy and experimentally proved that lattice disturbances 
favor place-exchange. Thus, in ionic compounds the electrolytic conductivity, which gives a 
direct measure of the mobility of ions, is greatly increased when the concentration of lattice 
disturbances is raised by incorporating foreign ions. The reactivity towards other solids is 
thereby increased simultaneously. 

So called ‘amorphous’ substances, in which there is no ordered arrangement of 
atoms (except within very minute regions), and which are often very much 
‘loosened’ by the presence of channels, internal surfaces, and other effects of 
‘microstructure’, are generally especially reactive. 

Substances can often be obuined in such a ‘loosened’ state by drying out gels, or by the 
thermal decomposition of suitable starting materials at low temperatures*. Thus 
‘amorphous’ silica, obtained by gentle heating of silica gel, is enormously more reactive 
than the most finely divided quartz. In the same way, iron{III) oxide, prepared by thermal 
decomposition of iron(III) sulfate, has a particularly high reactivity, as long as it is not too 
strongly heated. This material is crystalline, as its X-ray diffraction pattern shows, but the 
crystals are very much ‘loosened’. This is shown, for example, in the very considerable 
decrease in volume which occurs when it is fairly strongly heated. The void spaces thereby 
diappear by recrystallization, and at the same time the reactivity diminishes. 


(b) Active Intermediate States 

Associated with the last mentioned phenomena is the occurrence of‘active inter¬ 
mediate states’, in the course of reactions between solids. If two solids (e.g., ZnO 
and FejOa) which can combine with each other (to form ZnFe,04 in this instance) 

are gradually heated, it is often possible 
to observe the occurrence of interme¬ 
diate states in which the properties 
differ both from those of the initial mix¬ 
ture and from those of the ultimate pro¬ 
duct of reaction. For example, after a 
mixture of ZnO and Fe,Os has been 
heated for a long time at 400'’, its cata¬ 
lytic effect on the reaction 2CO -f 
O, = aGOjisconsiderablygreaterthan 
that of a mixture not subjected to the 
same pre-treatment (cf. Fig. 100). If, 
however, the mixture is heated at 500® 
instead of at 400®, its catalytic activity 
is not greater than that of an unheated 
mixture, but is actually less. On heating at 650®, its catalytic activity is again 
considerably augmented. At this temperature, the formation of the spinel ZnFe,04 
begins. When formation of the compound is completed, the catalytic activity is 
completely lost. The hygroscopicity of this particular mixture also depends upon 
its pretreatment, and similar changes in the intermediate states can also be ob¬ 
served for other properties. The augmented catalytic efficiency in certain inter- 



^ 500 600 700 dOO 900 1000 

-- Ttmotratufe,^ 

Fig. 100. Catalytic activity of a ZnO- 
FcjOt mixture at 350°, as a function of 
the temperature at which the mixture was 
previously heated (according to Hiittig). 


• The properties of solids obtained by these methods depend to some extent simply on 
their ve^ large surface: volume ratio, and to some extent on lattice disturbances and inti¬ 
mate microstructure. The relative importance of the two factors varies from one case to 
another, and is often difficult to assess. 
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mediate states is of considerable practical importance in connection with the use 
of such oxide mixtures as catalysts. 


Huttig believes that the occurrence of active intermediate states can be attributed to tux 
distinct causes, depending upon whether the active state is formed at a temperature at 
which there is no c\'idence at all for the formation of a compound, or at some higher 
temperature where inter-diffusion of the components (and therefore compound formation) 
has already begun. In the former case, at points where the different constituents arc in close- 
contact, the atoms or ions may be brought into a reactive stale by the interaction of their 
fields of force; alternatively, there may be some surface diffusion of ions from one crystal to 
another. Either mechanism could lead to a modification of those properties which depend 
upon the nature of the surface. These properties include the catalytic activity, adsorptive 
properties towards gases and vapors, and in some instances the color. When the temperature 
is raised further, the atoms or ions held on the surface by a sort of activated adsorption 
penetrate into the surface, and the catalytic activity is lost. This accounts for the rapid 
falling off in catalytic activity in the foregoing example, when the mixture is heated above 
400’. On further increase in temperature, diffusion of the atoms or ions of one substance 
into the other takes place to an increasing extent. However, the growth of the crystal 
lattice of the new compound may lag to a greater or less extent behind this diffusion process. 
As long as this process is going on close to the surface, it can modify the surface properties 
again. Since the new compound may be formed in a largely disordered state, this leads to a 
renewed increase of catalytic properties, but for reasons different from those involved in the 
first case. Hence the catalytic properties run parallel to a fresh set of other properties. Thus, 
in ZnO-FcjOj mixtures, the second increase in activity is coupled with an increase in 
paramagnetism, and the paramagnetism changes to ferromagnetism close to the maximum 
catalytic activity. The diffraction lines characteristic of ZnEe,©* begin to appear in the 
diffraction pattern simultaneously. As these lines grow in intensity, and as the ions in the 
surface and adjacent layers therefore take on increasingly perfect order, the catalytic 
properties diminish again. 

The occurrence of two active intermediate states, separated by a minimum of activity, 
has been found for other systems—e.g., for CuO + Fc, 0 „ MgO + Cr, 0 „ CuO + Cr, 0 , 
—as well as for ZnO 4* FcjOj. A single maximum in activity is often found; one cause of 
activity may be lacking, or the two activity maxima may merge into one, in that the inter¬ 
mediate state surfa^QC diffusion passes directly into that due to inner diffusion, without 
any range of deactivation intervening. This happens, for example, with the system 

MgO 4- Fc, 0 ,. 

Within certain groups of substances, especially for metals, the temperatures at which 
‘loosening’ of the surface and ‘loosening’ of the crystal lattice occur can be veiY roughly 
expressed as a uniform fraction of the (absolute) melting pomt. Huttig 98 

(1942) 2631 gives the ‘loosening’ temperature of the surface as 0.29 f and that of the 
crystal lattice as 0.42 T„ {T„ = melting point, in “K). [See also L. Lichtcnccker, Z- 

Elektrocfum., 48 (1942) 669]. 


Thermal decomposition of solids also provides the conditions in which a largely 
disordered arrangement of atoms in and near the surface can give rise to active 
intermediate states. A state of enhanced chemical reactivity is also traversed m the 
course of changes from one modification of a substance to anot er. 


Thus, as has been shown by HedvaU, AgNO. reacts with the oxides CaO, SrO and BaO 

not at the temperatures atwWch these oxides react with 7^ 

for the three Oxides concerned-but at roughly the same temperature m each case, just 

above the transition temperature of AgNOi (loo )• 

It may be sUted generally that, whenever solid substances undergo a trans¬ 
formation involving the rearrangement of their atoms, they pass through states m 
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which they are more reactive than in the initial or final states (the ‘Hedvall 

effect’).* 

(c) Special Reactivity of Co-precipitated Solids 

It is often possible to prepare particularly reactive mixtures of solid substances 
by precipitating them simultaneously, in stoichiometric proportions, from so¬ 
lution. For example, Fricke and Durr (1939) found that, whereas the formation 
of a spinel from a simple mixture of FcjO, and ZnO could de detected only above 
600°, it could be detected directly in a mixture of the two oxides formed by co¬ 
precipitation at 60®. Fricke and Schroder (1948) were able to synthesize chrysoberyl 
by heating a co-precipitated mixture of Be(OH)2 and y-AlO(OH) to 1200®. By 
combining X-ray investigations with measurements by the emanation method 
(cf. p. 541-2), they were able to show that theAlO(OH) acted as a protective colloid 
towards the Be(OH)2 with which it was precipitated, and hindered the crystalli¬ 
zation of the latter on heating. This protective action was still exercised at temper¬ 
atures high enough for these substances to be converted to the oxides by loss of 
water. Up to the temperature (950°) at which chrysoberyl began to form, only the 
diffraction pattern of y-AljOo could be observed, and not that of BeO. At 1200®, 
the diffraction pattern of y-AljOj had disappeared, and that of well crystallized 
chrysoberyl remained. 


3, Reactions of Solids with Liquids 

If the product of reaction goes into solution, the reactions of solid substances 
with liquids follow essentially the same law as governs the dissolution of a solid in a 
liquid, in the ordinary sense. 

Provided that a uniform distribution of the dissolved substance throughout the solvent is 
maintained by stirring, the rate of dissolution is proportional to the area of contact between 
solid and solution, and proportional to the difference between the concentration of the 
solution at any moment and the saturation concentration: 

% = k - A ( c .- c ) (5) 

where A = area of the solid, c, = concentradon of the saturated soludon, e = concen¬ 
tration of soludon at the time t, and k is the velocity constant (A. A. Noyes, 1897). 

This equation, when compared vrith eqn (i), p. 739, implies that the rate of Effusion of 
the dissolved substance in the solvent determines the rate at which dissoludon occxirs, 
provided that equilibrium is established at the surface of the solid so rapidly that the layer 
of solution immediately adjacent to the solid surface is always saturated. This condidon is 

generally fulfilled. It was shown by Brunner (1904) that k = where D is diffusion 

6 • V 

* The effects described in this secdon arc established as phenomena, but the interpretations 
advanced by Hiitdg and Hedvall arc not intended to be more than tentadve. As noted 
earlier, the reactivity and propcrdcs of solids depend enormously on the length of the dif^ 
fusion path and on the specific surface. Chemical reacdon or allotropic change at low 
temperatures is likely to lead to a product in a state of extreme subdivision, with a high 
surface energy. Effects due to this factor will be superimposed on any effects due to differ¬ 
ences oijine structure, in surface or crystal latdce, such as may be involved in the fundamen tal 

processes by which reaction occurs. The effects are thus not at all well undentood, and 
much work remains to be done. 
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e liquid layer adhering to the 

surface of the crystals (i.e., the layer which is not affected by stirring), and ^ is the volume of 
the solution. 

If the product of reaction does not dissolve, and reaction is propagated into the 
interior of the solid, its velocity is determined by the rate at which either the 
molecules of the liquid, or the atoms or ions of the solid reactant, can diffuse 
through the solid product of reaction. At ordinary- temperature, rates of diffusion 
in solids are usually so small that reactions with liquids, following this mechanism, 
are rarely of any practical significance. Conditions are very different, however, if 
the product of reaction remains undissolved, but is porous or non-adherent. The 
liquid can then continually penetrate through the channels and cracks to freshly 
exposed portions of the surface. In this way, a reaction can often take place fairly 
rapidly, until the starting material is fully consumed. This happens, for example, in 
the action of water on metallic magnesium. 


4* Reaction Between Solids and Dissolved Substances 

(a) General 

If the product of reaction goes into solution, the reaction, in this case also is 
confined to the surface of the solid reactant. The equation of Nernst (1904) then 
described the process: 


— =^DA-~ ( 6 ) 

dt 6 ^ ' 

where D is the diffusion coefficient of the dissolved reactant, A the area of the solid 
reactant, 6 the thickness of the adherent layer of liquid at the surface of the solid, 
and c the concentration of the reactant in the solution (outside the adherent layer), 
dn is then the increase in amount of reaction product (e.g., in g-mols) during the 
time dt. The equation holds provided that the concentration of reaction product 
in the solution is kept uniform, by stirring. The thickness of the adherent layer, tf, 
depends upon the rate of stirring, but is tisually of the order io~* cm. In the deri¬ 
vation of the Nernst equation, it is assumed that the velocity of the reaction is 
infinitely great as compared wdth the diffusion velocity of the reagent, so that the 
concentration of reagent at the immediate surface of the solid can be taken as 
practically zero. Experience shows that this assumption is usually fulfilled. 

Equation (6) implies that, under the conditions assumed, the rate at which a solid is 
consumed by reaction with a dissolved substance (e.g., MgO with hydrochloric acid) is 
determined entirely by the rate at which the molecules or ions which react with the solid 
can reach the surface by diffusion. It foUows from Tick's law of diffusion, by substitution of 
A, the area of the solid surface, for q, and the concentraUon gradient of the dissolved reac¬ 
tant in the adherent layer, {c-o)/d = in place of^. By integration of eqn (i) on 
the assumption that the area of the solid surface remains constant during dissolution, and 
wriUng c, = "0 ~ ^vhere - quantity of reagent in the total volume 0 of solution at the 


V 
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beginning of the experiment, and n, = quanuty of reagent consumed during the time /, we 
obtain: 



D ■ A - t 

d ' V 



From this equation it is possible to predict the rate at which a solid will be dissolved away 
by any dissolved reagent, if the thickness <5 has previously been determined for the selected 

rate of stirring. 

Since ^ _ _5_ and c = it follows from a comparison ofeqns (5) and (6) that the rate 

at which a substance dissolves in pure water, and the rate at which a saturated soluUon of 
the same substance will react with any other solid must be equal (Brunner, 1904). If the 
reaction at the surface docs not take place with essentiaUy infinite velocity, neither the 
Nernst equation nor the foregoing rule will be valid. 

Reactions which proceed in the solid phase* between solid substances and 
dissolved reagents accord with what has already been stated for the corresponding 
reactions of solids with pure liquids. 


(b) Dissoludon of Metals in Adds 

The dissolution of metals in acids occupies a special place among the reactions 
of solids with dissolved reagents, because of the role played by local couple for¬ 
mation. The importance of this has already been considered for the case of zinc 
(p. 432), where the effects arc strikingly manifested. 

Palmaer (1929) has shown that the efficiency of local couples quite generally arc the 
determining factor in the rate at which metals dissolve in acids. Since the number and kind 
of local couples changes continually during dissolution, according to the impurities that 
may be laid bare, it is not usually possible to find a kinetic expression which reproduces the 
rate of dissolution over any long interval of time. For a given state of the surface, Palmaer 
found that the rate at which metal goes into solution is given by 

6 x E • X ■ A 


where E is the e.m.f. set up by the local couple (into which the hydrogen over-voltage 
enters as an important factor), * is the specific conductivity of the electrolyte solution, A 
the area of the surface, and C a coefficient depending on the other experimental conditions. 
Among other factors, this takes account of the average spacing between electrodes in the 
local couples. Thus the effect of a given quantity of impurity, embedded between the 
crystallites of a metal, increases as the size of the individual crystallites diminishes. 

Acceleration of the dissolution of a metal by the action of added metallic impurites may 
be bound up with the question of the hydrogen over-potential. Thus the dissolution of zinc 
in acids is not facilitated by alloying with small amounts of lead or cadmium, or by amalgam¬ 
ating with mercury. The deposition potential of hydrogen on these metals is so great that it 
is not attained by the solution potential of zinc. Again, alloying with those more noble metals 
with which zinc forms mixed crystals or compounds does not promote the dissolution in acid, 
since local elements can only be set up between substances which are present as different 
phases. 


(c) Passivity 

In the passive state exhibited by certain metals, they resemble the noble metals in 
being stable towards reagents which would attack them in the normal state. They 
also display a considerably lower solution potential than in the normal or active 
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state. The conversion of a metal front tlte activ’e to the passive state is known as 
passivation, and may be brought about by anodic polarization or by cltemical 
means namely, by the action of certain oxidants sucli as concentrated nitric acid. 


Electrolytic (or galvanic) polarization is the phenomenon whereby in electrolysis, or in a 
galvanic cell, an electromotive force is set up in the opposite direction to that which is 
responsible for the How of current. I he opposed electromotive force may be due to changes 
either of the electrode surface, or of the immediately adjacent layer of electrolyte solution. 
Changes of the anode brought about by the passage of current arc known as anodic 
polarization, changes of the cathode as cathodic polarization. simple example of electro¬ 
lytic polarization is the establishment of a potential difference between two platinum wires 
dipping into dilute sulfuric acid, after an electric current has been passed through the 
solution. The electrodes take up different potentials with respect to the solution, as a result 
of the deposition of hydrogen on the cathode and of oxygen on the anode. If the metallic- 
circuit is completed after switching off the primary current, a current flows in the opposite 
direction until the gases covering the electrodes are used up. Electrical accumulators 
represent a practical application of the use of electrolytic polarization as a source of current. 


Only the metal used as anode can be passivated by polarization. When made the 
cathode, not only can a metal not be passivated, but it may be reconverted from 
the passive to the active condition. Passivation by dissolved chemical reagents can 
be attributed to polarization by local currents, in terms of the theory of local 
couples. However, the origin of the polarization when passivation occurs is not 
known with certainty. Many metals, especially chromium and iron, become passi¬ 
vated to a certain extent simply on exposure to air (spontaneous passivation). It is 
possible to prepare alloys which are very strongly passivated spontaneously (e.g., 
V2A and 1&-8 stainless steels). 

Passivated metals are very readily activated by the action of protons. Hence the 
electrolytic evolution of hydrogen at the metal (cathodic polarization) has a very 
strong activating effect. Activation is also produced by heating in hydrogen, by the 
action of acids, by treatment with reducing agents, and especially by the action of 
‘nascent’ hydrogen. Solutions of salts, and especially of chlorides, may also destroy 
the passive state, as also can mechanical treatment (in contact with solutions)— 
e.g., scratching, the effect of blows, and especially of vibration, and ultrasonic 
excitation (Schmid, 1937). 


The phenomenon of passivity was discovered, for the case of iron, towards the end of the 
i8th century. Faraday (1836) attempted to explain it on the assumption of a protective 
layer of oxide or similar compound. Schonbein opposed this, with the view that passivity 
was due to a physical alteration of the metal (e.g., conversion into an allotropic modifi¬ 
cation). Belck (1887) later suggested that the passive behavior was due to a thin film of 
gaseous oxygen, covering the surface of the metal. These three different conceptions are still 
advocated, although in more or less altered forms, although a number of other explanations 
have also been put forward. Most of these, however, have been based on inadequate 
experimental evidence. Thus some workers have contended that, for the metals in question, 
the passive state is the normal state, and the active state is due to hydrogen dissolved in the 
metal. Although many have concerned themselves with the study of passivity, especially 
since the beginning of the present century, its origin is not yet fully explained in all points. 

The hypothesis advanced by Smits (1923) and, independently by Russell (1926), was in 
some respects a translation of Schonbein’s ideas into the terms of the modem outlook. It 
attributed the difference between the active and the passive state to differences in dec^on 
configuration of the atoms in the surface of the metal. Smits showed that pa^mty could be 
at once explained if it may be assumed that in the surface of a metal (e.g., iron) atoms or 
ions are pr«ent, in equilibrium, in states of different potential energy (due to differences in 
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the quantum states of the valence electrons), but the equilibrium may be sluggbhly attained. 
A metal in which such equilibrium was slowly established would behave like a solid solution 
of two different metals. When the meul is dissolved anodically, one kind of atom wnll go 
more rapidly into solution, and the solution potential will thereby be shifted in the direction 
<>1 the more noble ‘pseudo-component’, until this species alone is present in the surface. The 
metal has then reached a state of maximum passivity. Any influence which reestablishes 
equilibrium between the two states of the metal atoms—e.g., the catalytic effect of protons— 
restores the active state. As a purely formal theory, this explains, among other things, why 
metals in the passive state often dissolve to give ions of different valence from those formed 
l>y the active metal. It is, however, not readily put into the terms of the later theory of 
metals; electronic processes in general proceed rapidly. 

The idea that the passivating action of oxidizing agents is due to the formation of an 
oxide ^kin is supported by many, but is strongly disputed by others. On the basis .of his own 
observations. Muller [7] has adapted and generalized it, attributing the passivity in many 
rases to the formation of a coating in the metal, which is penetrated by a not very large 
number of fine pores. This coating need not necessarily consist of the metal oxide, but can be 
a salt. Muller attributes the considerable decrease of anodic potential that accompanies 
passivation to the fact that, once the coating has formed over the anode, the conduction of 
current can take place only through the pores. This ‘film’ theory of passivity is in harmony 
w ith a variety of phenomena observed in the passivation of metaU by anodic polarization. 
It does not explain why a passive metal has a lower solution potential, even when no 
current is flowing, than the same metal in the active state. It may be deduced thermo¬ 
dynamically, as experiment also shows, that the open-circuit potential (‘resting’ potential) 
of a metal is unaffected by covering it with a porous coating (e.g., of a more noble metal), 
yet this lower ‘resting potential’ is characteristic of the passive condition. Muller meets the 
difficulty by assuming that the layer of oxide or salt modifies the electronic configuration of 
the atoms in the metallic surface. In this, his views resemble those of Smits and Russell: 
the essential difference is that Muller regards the formation of the layer of oxide or salt not 
as more or less incidentally associated with the passivation but (in most cases, at least) as the 
necessary condition for passivation to occur. One of the principal objections to the oxide 
film theory of passivity is that, on most metals, the formation of an oxide film does not result 
in passivation. Even a metal such as chromium, which has a strong tendency to become 
passive, is found not to be passive when it has been coated, by heating it in air, with an oxide 
film thick enough to show interference colors. In fact, chromium which has received an 
oxide coating, by heating it in air, retains its activity better than the p>olished metal. These 
facts were demonstrated by Hittorfas long ago as 1899. 

The objections to the ‘oxide skin’ theory arc met by the assumption that passivity is due 
to a surface covering of oxygen on the surface of the metal (or on the very thin film of oxide 
which is always present after exposure to air, cf. p. 754). A variety of experimental facts, 
and theoretical considerations favor the existence of an adsorbed film. The passivating effect 
of such a film is now usually attributed to the saturation of the free valence forces of surface 
atoms. For this, a unimolecular layer would suffice. It is both possible and probable that 
the adsorbed layer consists of ojp’grn ions, which do not, however, displace the atoms of the 
metal from the lattice structure, as is the case when the oxide is formed. A surface covered 
with such an adsorbed layer will have different properties from one which is merely covered 
with a layer of the oxide. It is probable that all metals at once become covered with a thin 
oxide layer, as soon as they come into contact with air. If passivity is regarded as being due 
to an oxide layer, it must therefore be assumed that the oxide film produced by passivation 
differs in nature from that ordinarily formed when the metal is oxidized in air. On the other 
hand, the adsorbed gas theory relies only on the known phenomena of adsorption in order 
to explairi the difference in properties between passivated metals and metals which have 
been oxidized in air in the ordinary way. It ako agrees with the fact that mere contact with 
air often prepuces more or less complete passivity, whereas when oxidation is carried further 
the passivation is not intensified, but is actually lost. 

Another peculiar phenomenon can be correlated with the ability of many metals to exist 
in states of different activity—namely the periodic changes in the rate of dissolution of such 
metals. This phenomenon (first observed by W. Ostwald for metallic chromium, prepared 
by alummothermic reduction) is illustrated by Fig. loi, in which time is plotted as abscissa. 
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while the ordinate represents the rate of dissolution of chromium in hydrochloric acid at 
each moment, as measured by the rate of evolution of hydrogen. This is based on the work 
of Brauer (1901). It was found that 
variations in the dissolving rate w-cre 
paralleled by variations in the solu¬ 
tion potential, although the latter 
were very much smaller than the 
difference in potential between com¬ 
pletely active and completely passive 
chromium. Ostwald suggested that 
the effect might be associated with 
the presence of impurities in the 
chromium, and this has been con¬ 
firmed subsequently. The phenome¬ 
non can also be observed with certain 

varieties of iron, and may be due to the alternate passivation of the metal by anodic 
polarization due to local currents (arising from impurities embedded between the 
crystallites), and subsequent reactivation by the evolved hydrogen (probably as a con¬ 
sequence of the diffusion of protons in the metal). Rathert (1914) was able to produce 
periodic activarion of an iron electrode, which was kept passive by immersion in dilute 
chromic acid, by allowing hydrogen to diffuse through from the back. 



Fig. loi. Periodic fluctuations in the rate of dissolu¬ 
tion of chromium in 2-normal hydrochloric acid. 


5. Reactions of Solids with Gases 


(a) General [5j 

Since diffusion occurs much more rapidly in gases than in solutions, it is found 
that the reaction rates of solid substances with gases, to give gaseous products, are 
much more frequently determined by the speed of the actual chemical process 
than are reactions of solids with dissolved substances. This is especially true of 
solid-gas reactions at fairly low temperatures. 

Even at high temperatures, it is often found that the mass flow of the gas is far more 
important than diffusion proper. Thus, in t.he combustion of coal, it is familiar that the rate 
of burning is much increased by increasing the flow of air. The air supply cannot be raised 
indefinitely, however, since too much heat would be carried away by the air flow. It is 
therefore belter to increase the rate of combustion by increasing the surface area of the coal 
(use of pulverized fuel). In general, when the products of reaction are gaseous, the reaction 
of a solid with a flowing gas follows a course very similar to that of the dissolution of a solid 
in a stirred liquid. The velocity of the actual chemical process at the surface of the solid 
then plays a role similar to that of diffusion through the adherent layer in the case of 
dissolution. As the latter depend on the flow rate of the liquid outside the adherent layer, 
so the former depends on the rate of flow of the gas at the surface of the solid. Almost 
identical pictures arc obtained, when the flow lines are made visible by the ‘schlieren’ 
method, around a cube of carbon burning in air, and around a cube of salt dissolving in 
water (Rosin, 1931). In both cases, it is the end of the cube directed away from the direction 
of gas- or liquid flow which Is the more attacked, since the turbulence is ^eater there. 
Researches on the course of reactions of this kind are of technical importance in relation to 
combustion, the generation of producer gas, the roasting of ores, and the operation of the 
blast furnace. 

When one product of reaction is liquid, propagation of the reaction depends on the rate 
at which the gas diffuses through the liquid. This case is of very minor importance, since 
evaporation as a result of the heat of reaction generally prevents the formation of a liquid 
layer. 

Reactions of solids with gases, with formation of solid reaction products, are of 
great practical importance. If the reaction product forms a coherent coating, 
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reaction can only continue as a result of diffusion through the layer of reaction 
product. Processes of this type arc involved in the tarnishing of metals, when they 
are heated in air or other gases with which they combine to form compact, in¬ 
soluble coatings. At ordinary temperature, when the rate of diffusion is practically 
zero, such tarnish layers protect the metal from further attack by the air. If this 
were not the case, most of the common metals would be rapidly be converted into 
their oxides, for oxygen reacts extraordinarily rapidly with fresh surfaces of metals 
at ordinary temperature. 


The time taken to form a unimolecular oxide layer on the surface of metals is generally 
only a small fraction of a second. By contrast, it may be calculated from the temperature 
coefficient of the tarnish reaction that it would take about to* years for copper, and no less 
than 5 • io‘* years for nickel, before the oxide film had grown thick enough, in dry air at 
ordinary temperature, to show the first clearly visible (ist order yellow*) interference color 


(i'ammann, 1922). 

A$ has already been mentioned, diffusion in solids—and hence the growth of tarnish 
layers—follows the same law as diffusion in solutions. If eqn (i), p. 739, is applied to a 
reaction which depends upon the diffusion of one reactant through a compact layer, we 
must notice that the thickness x of the layer through which diffusion occurs is now not a 
constant, but is proportional to the quantity n of substance which has reacted: x = a • n. 
On the other hand, there is a constant difference between the concentrations Ci, c, of the 
diffusing substance at the two boundaries of the layer. It may also be assumed that the 
concentration gradient within the layer is constant. Then at each point within the layer, 

— -.^1). The cross section of the diffusion layer can be taken as being the surface 

dx X 

area A of the solid, and hence a constant. Under these conditions, and taking the quantity 
of material reacted = o at < = o. 


^ 2D ■ A' (c, — c,) • t 

a 


or 


rt = A" • /* 



where K = pP '. 

This ‘square root law*, as has already been stated, holds both for reactions between solids 
and gases, and for reactions between solids and dissolved substances, in cases where the 
product forms a compact layer. It also holds for reactions between solids, in which case we 
may put C| = i, c, = o. 

No change is involved in the general form of eqn (9) if it is assumed that both reactants 
diffuse through the layer. Two diffusion coefficients must then be substituted. The case of a 
single diffusing species appears to be the more general, for ionic compounds at least. 

Compact oxide layers are formed by'thc action of dry air on metals if the oxide 
has a greater volume than the equivalent amount of metal (Pilling, 1923). If this 
is not so, a porous oxide layer is formed, through which the oxygen can attack the 
surface of the meul directly. Oxidation can then continue at constant velocity^ and is 
generally perceptible even at ordinary temperature. This is the case for the metals 
Li, Na, K, Rb, Cs, Mg, Ca, Sr, and Ba. 

Pilling s rule does not hold for the behavior of the metals in moist air. Porous 
layers, which do not impede further oxidation, are very commonly formed on 

• In a medium of refractive index i, this interference color corresponds to a layer o. 15 
thick, or - times this thickness in a medium of refractive index n. 
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mctEls in moist air. It is cv'cn possible for the rate of oxidation to increase witli 
time, if the products of reaction catalyze the oxidation. This happens in the rusting' 
of iron. 

The behavior of solids (especially metals) towards gases, to form solid reaction products, 
thus falls into three different types, as is demonstrated dearly by the curves in Fig. 102. 
This shows the increase in weight of Cu, Zn, and Fe as a result of oxidation in moist air. as a 
function of time. Oxidation ofcopper 
follows the ‘square root’ law, as shown 
by the parabolic form of the curve— 
i.e., with formation of a compact 
layer on the metal. Zinc is oxidized 
at constant velocity—i.e., with the 
formation of a porous coating. Iron 
not merely gives a porous product, 
but the reaction is autocatalytic, so 
that the rate increases with time. 

Autocatalysis in the rusting of iron 
is generally attributed to the forma¬ 
tion of local couples. With non-met¬ 
als, autocatalytic acceleration of a 
reaction in which a solid product is •’Tme mdays 

formed may be due either to the eli- Fig. 102. Increase in weight of copper, zinc, and 

mination of supersaturation at the iron during oxidation in moist air (according to 

phase boundary, through the action \'crnon) 

of crystal nuclei of the product (catal¬ 
ysis of nucleation), or to an increase in the chemical reactivity of a solid as a result of 
contact with the nuclei of the reaction product. 

Hiittig (1942) has found that in the de-gassing of solids (i.e.; the removal of firmly held 
volatile impurities), the loss of gas takes place most rapidly at the ‘loosening’ temperature 
referred to on p. 747. 



(b) Corrosion and its Prevention 

One field in which an understanding of the mechanism of the reactions of solid.s 
is of immense importance is that of corrosion research. The economic value of this 
field of research can be judged from the enormous assets destroyed annually by 
corrosion. It has been estimated that the total world production of 1766 million 
tonsofiron between 1890 and 1923, has to be compared with the loss of no less than 

718 million tons by rusting, during the same period. 

Corrosion [8-21] is the destruction of a solid body by unwanted chemical or 
electrochemical attack on its surface. Metals, in particular, are subject to corrosion, 
and among the metals it is the corrosion of iron which is of the greatest importance. 


The rusting of iron is attributed to the action of local couples. Since the iron oxide so 
produced itsflf creates new local couples in which it functions as the cathode, rusting is an 

autocatalytically accelerated process. The current set up by a f ^3^ 

specific conductivity of the solution in contact with the metal (cf. eqn (8), p. 7oO), so that 

salt o'u“ons-e r sea water-are more corrosive than ordinary water. Coatings of more 
sail solutions e.g., sea gord protection against rusting as long as they are 

noble metals, such as tin pp » ^r^broken since they then set up local couples m 

undamagef but accelerate rusting If they ^ ^ protection even when it is 

which the ron s anodic. A coating of zme, nowever, f H . . rj.. . . 

_r a • • -u* tr Jq ihe less noble metal, zinc, which IS attackeo. me zinc IS 

imperfect, since m this case it is tne less hw » i fnrmtlnn there i<j in 

111 J i,., .since there s no autocatalysis of the corrosion as mere is in 

only slowly consumed, however, me impaired by the formation of zinc 

rust formation. However, the protective action may oc imp y 


oxide. 
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It is not, at first sight, easy to reconcile the observation that compact iron is attacked 
neither by dry oxygen (because of the formation of an impervious oxide layer) nor by pure 
air-free water, although it is attacked by the simultaneous action of air and water, with the 
fact that when rusting occurs through the action of moisture, the iron is most strongly 
corroded at those points to which air has the least ready access. Piled up iron plates are 
most heavily rusted where they touch one another. Wire ropes may be corroded internally 
while appearing quite bright on the outside. It can readily be shown experimentally that 
iron charged with oxygen takes up a lower potential than in the uncharged state. Thus the 
iron must go into solution (by anodic attack) chiefly at those points which are not charged 
with oxygen, and the observed phenomena are fully accounted for by the theory. 

Corrosion research is not concerned only with the electro-chemical theory of corrosion 
and the general principles based on metallography. Studies of the surface coatings formed 
on metals under various conditions—e.g., in tarnish reactions—, an extension of our 
knowledge of passivity and related phenomena, and an understanding of surface reactions 
such as is derived from researches on adsorption and catalysis, all contribute to it. 


The most important measures taken to combat corrosion of metals [^2,25] include 

(i) the use of self-passivating alloys such as the stainless steels; 

(ii) the use of alloys which spontaneously form protective coatings (e.g., hydro- 
nalium and other corrosion resistant aluminum alloys); 

(iii) the artificial production or intensification of protective coatings (e.g.,temper 
colors on steel, anodizing of aluminum); 

(iv) the application of corrosion resistant metal coatings. This is generally done 
either electroiytically [2^—26'] (e.g., chromium and nickel plating, zinc galva¬ 
nizing) or by metal spraying [27]. Other methods may also be used for certain 
metals (cf. galvanizing of iron, p. 434). 

(v) Enamelling (Vol. I, p. 507). 

(vi) Coating with lacquers or paints [2^]. 


A considerable measure of protection against corrosion by atmospheric oxygen at high 
temperatures (up to 1200“) can be conferred on iron by allowing aluminum to diffuse into 
the surface (‘alitizing’). The thin film of aluminum oxide then formed by heating in air 
greatly retards the propagation of the oxidation. Thus the useful life may be extended by 
6 to 8 fold at 1000®. This process is applied, for example, to grates. 

Iron water pipes are usually protected from corrosion through the formation of a thin 
layer of calcium carbonate. This layer forms, however, only when the water contains 
sufficient calcium hydrogen carbonate and not too great an excess of carbonic acid, and 
when dissolved oxygen is also present. The role played by oxygen is not fully understood. 


6 . Topochemical Reactions 

(a) Geoeral 

Topochemical reactions [sg\ arc reactions in which the properties of the solid 
product of reaction are largely determined by the fact that the reaction took place 
on a solid i.e., was localized [Gk, t67co^ = place]. Such reactions often produce 
substances which are impossible to obtain from reactions in gases or solutions. In 
other cases, the products may have the same composition as those obtainable from 
reactions in gases or solutions, but they may differ strikingly in their properties 
when obtained from reactions on the surface or in the interior of a soUd. This may 
be because the chemical nature or the physical texture (e.g., the dispereity) of the 
solid starting material determines the course of the reaction, or that its structure 
and texture affect the corresponding properties of the soUd reaction product. 
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TOPOCHEMICAL REACTIONS 

Whereas most reactions are classified according to their kinetics, topochemical reactions 
are marked by a different principle of classification-the relation between the properties 
and texture of the starting materials and the product—which follows from the site at which 
reaction takes place. For this reason they have a considerable preparative interest but their 
study has contributed considerably to an understanding of the mechanism of reactions, and 
of the relation between structure and chemical properties. 

The concept of topochemical reactions was introduced by \'. Kohlschuttcr in 1919- 
relatively few processes of the kind were then recognized. The connections between condi¬ 
tions of formation and texture have subsequently been demonstrated by \'. Kohlschutier 
and a number of others (especially Feitknecht, Fricke, U. Hofmann and H. W. Kohl- 
schutter). Many examples of such processes have already been discussed; a few typical 
topochemical reactions, which bring out their essential features, will be considered in this 
section. 


Three types of topochemical reaction may be considered; these accord to the 
manner in which the properties of the solid product are influenced by those of the 
starting material. 

[ij Reactions in which it is only the degree of dispersion, specific surface area, and the 
kind and extent of lattice imperfections in the reaction product that are depen¬ 
dent on the nature of the starting material. 

[ii] Reactions in which the initial material exerts an influence on the crystal 
structure of the product. 

[iii] Reactions in which the nature of the starting material also determines the 
chemical composition of the product. These reactions give rise to compounds 
which cannot be obtained at all by other methods, or at least not by analo¬ 
gous reactions in the gas phase or in solution. 

It is often found that the starting material has an influence on the degree of 
dispersion and the specific surface of the products of thermal decomposition 
reactions. 


Thus Feitknecht found that when various calcium compounds were heated to the same 
temperature (900®), they gave rise to powdered calcium oxide of completely different 
texture. The products are structurally identical, but quite different in their degree of 
dispersion. Thus the bulk volumes occupied by the same weights of CaO 


from the sources: CaCjO^ Ca{OH)j CaCOs and Ca{N05)t 
vary in the ratio: too : 7 ® • 59 34-5 


The rate at which the various powders absorbed water vapor at ordinary temperature 
diminished with their voluminousness. The volumes of the hydroxide formed from the above 
oxides were (relative to the above and to each other) 164 : 127 : 102 : 74 ' 5 * When slaked 
with liquid water the CaO powders obtained from CaC, 0 «, Ca(OH)„ and CaCO, formed 
plastic Ca(OH), gels (‘milk of Hme‘). That from Ca(NO,), did not, and it was not possible 
to obtain milk of lime by subsequent addition of liquid water to any of the Ca(OH), 


powders formed by absorption of water vapor. . ^ j 

It has already been mehtioned that the adsorptive and catalytic properUes of compounds 
prepared by thermal decomposition may be very different from th^e of the same compounds 
prepared by reactions in solution. The example just given shows, further, that *«e proper¬ 
ties may be developed in very different degree for the same compound prepared by hermal 
decomposition, but from different starting material. The fact that very different temper- 
atures may be needed for the decomposition of different starting materials may be of 
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importance in this connection, since the specific surface* and the reaetivity ^e considerably 
influenced by this factor. The increasing homogenization and recrystaUization of the parti¬ 
cles that result from heating to higher temperatures are only relevant to topochemis^ if 
the original microstructurc of the particles was markedly dependent on the nature of the 

An application of topochemistry which is of some technical importance is the relation 
between the color of certain substances and their mode of preparation. This has long been 
used in the manufacture of mineral pigments. Thus it has long been known that an iron(III) 
oxide of a beautiful red shade could be prepared by careful heating of iron(III) sulfate or 
similar compounds: such a material was used as a paint in ancient times (Pompeian red). 

I liis iron oxide consists of fine scales, and not of minute rhombohedral crystals like the 
usual material, although according to Hedvall (1922) there is no difference in crystal 
structure. The difference lies only in its particular habit. 

It is reasonable to assume that, in this group of lopochemical reactions, the properties 
of the product arc affected by the starting material chiefly in so far as the structure (and 
possibly the degree of subdivision) of the latter modify the processes nucUatun, growth 0/ 
nuclei, and dijfusion. There may also be some influence on the type and the concentration of 
lattice imperfections and disorder in the newly formed solid phase. As long as the atomic 
arrangement corresponding to the newly formed phase is not everywhere perfected, it may 
be assumed that there will be some atoms or ions, even if few in number, which-retain more 
or less their original mutual dispositions or something like it. This would explain why it is 
often easier to reconvert the products of solid reactions into their starting materials than into 
other substances. Thus strontium chloride prepared by the careful dehydration of SrCl, • 
6 H ,0 absorbs water vapor more rapidly than ammonia, whereas that prepared from 
SrCl, 8NH, takes up ammonia gas faster than it does water vapor. Furthermore, alumi¬ 
num oxide prepared by thermal decomposition of the nitrate at not too high temperatures 
dissolves in dilute nitric acid faster than in acetic acid, whereas aluminum oxide obtained 
by thermal decomposition of the basic acetate dissolves more rapidly in acetic acid. Related 
to such effects is the common observation that a solid often has the optimum catalytic 
activity towards some gaseous system when it has been prepared in an atmosphere of this 
same system. 

An example of the influence of the starting material on the crystal structure of 
the product is provided by Fcitknccht’s observation that the metastable a-zinc 
hydroxide (p. 438) is always formed when certain basic zinc salts (e.g., basic zinc 
iodide, Znl, • 4Zn(OH),) are leached with water. On the other hand, hydrolysis 
of zinc salts in aqueous solution usually results in completely amorphous precipi¬ 
tates, which may change cither into zinc oxide or into zinc hydroxide (usually 
e-Zn(OH)t) as a result of aging. 

Basic zinc salts have layer lattice structures, as also has the a-Zn(OH)t. It is therefore 
understandable that the formation of the a-Zn(OH)t structure should be favored by the 
pre-existing arrangement of the ions in the basic salts. However, a prerequisite condition 
for the occurrence of the reaction without great dbturbance of the original arrangement of 
the ions, is that there should be sufficient distance between the layers for the hydroxyl ions 
to enter. This condition is fulfilled in the case of zinc iodide by the incorporatioii of the 
bulky iodide ions between layers. 

(b) Graphite Compounds 

Topochemical reactions which lead to compounds not obtainable by other 
means arc of special interest, both preparatively and from the standpoint of 
valence and structural chemistry. The oldest example of such reactions is the for- 

• The specific surface of a solid is the area of total surface of i g of powder, as measured, 
«*g > hy gas adsorption or similar methods. A powder consisting of particles i /x in size has a 
specific surface of 15 sq.meters per g, if the density of the solid = 4. 
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mation of the so-called ‘graphitic acid’ by oxidation of graphite with potassium 
chlorate and nitric acid. (\’oI. I, p. 421). 

The structure of graphitic acid has been explained through the X-ray work of I'. Hof¬ 
mann {1930 and later). It is derived from that of graphite, in that oxygen atoms are inserted 
between the sheets of carbon atoms—probably in such a way that an O atom is bound to a 
pair of adjacent C atoms, alternately above and below the sheet. Thus every la>cr of (J 
atoms is followed by a sheet of C atoms (at a distance of 1.4 .\>. and this in turn by anotlu r 
layer of O atoms at the same distance. Next to this, but at a considerably greater distance, 
is another layer of oxygen atoms, belonging to the next sheet of C atoms (cf. Fig. 49. \ ol. I, 
p. 216, which represents an essentially similar layer structure). The interatomic distance 
C «-» O is 1.57 A. Within each sheet, the arrangement of C atoms is the same as in graphit<-. 
but the distance between sheets of C atoms is enlarged to practically double that found in 
graphite, as a result of the insertion of the layers of O atoms. The distance between sheets 
can readily undergo yet further expansion, if HjO molecules arc allowed to diffuse in 
(‘swelling’ of graphitic acid, which must not be confused with the ‘tumescence’ produced 
by gas evolution, when it is heated dry). It is apparently not possible to obtain completely 
anhydrous samples of graphitic acid. This is probably because —OH groups, as well as 
O atoms, are built in between the C sheets. This assumption appears to be substantiated 
both by the acid reaction of moist graphitic acid towards litmus, and by its ability to 
exchange protons for other cations (Thiele, 1937). These acidic properties may be due to 
some extent to the presence of carbonyl groups at the edges of the C sheets (i.e.. at the crystal 
boundaries). For this reason, Hofmann regards ‘graphitic acid’ as being graphitic oxide, 
contaminated to a gp’eater or less degree by acidic ‘edge compounds’. However, the existence 
of—OH groups between the sheets is supported by the observation (U. Hofmann, 1939) 
that mclhylation of the —OH groups leads to a not inconsiderable enlargement of the 
distance between sheets. 

By treating graphitic oxide with hydrogen sulfide, Hofmann was able to effect an ex¬ 
change of O for S, so as to produce a corrc'sponding graphitic sulfide. 

It is also possible for HS04" ions to be incorporated between the graphitic sheets. 
GraphiU hydrogen sulfate is thereby produced (Hofmann, 1934). It is formed when graphite - 
is treated with concentrated sulfuric acid in the presence of a small amount of nitric acid 
or other oxidizing agent: 


nHjS04 + graphite + - = O - H |0 + (graphite • HS04]rt. 

2 2 

Graphite hydrogen sulfate can only be formed if some oxidizing agent is present, since in 
order to combine with HSO«' ions, it is necessary for the sheets of C atoms to lose electrons 
and acquire a positive charge. Graphite hydrogen sulfate can be degraded to graphite again. 
This takes place in stages, all the HSO4- ions between certain pairs of sheets being lost. 
Graphite hydrogen sulfate has a deep blue color by reflected light. Like the graphitic oxide, 
it is always contaminated by ‘edge compounds’. Insertion of the HSO4 groups causes an 
expansion of the graphite structure in the direction of the c-axis. This, together with the 
oxidation of the edges of the sheets to form carboxyl groups which takes place simul¬ 
taneously, leads to a far-reaching dispersion, to form colloidal graphiU, when graphite is 
subjected to prolonged treatment with sulfuric acid and oxidizing agents. The strong attack 
undergone by graphite anodes in sulfuric acid is due to the same cause; they are not 

destroyed in solutions of halogen acids. , • -j tit j 

Graphite hydrogen sulfate is only stable under concentrated sulfur,c ac.d Water de- 
compoL it, with evolution of CO.. When HSO.- ions have been ■ntrt^uced between all 
the sheets of C atoms, graphite hydrogen sulfate has the composition C,. HSO, • aH.bO, 
By treating it with other strong acids, it is possible to exchange the molecules and anions of 
sulfuric acid reversibly, thereby forming graphite nitrate, graphite perchlorate, graphite 

selenate, etc. 

The structure and composition graphite JIuonde (carbon monofluoride), which 
was prepared by Ruff by the action of fluorine on graphite (Vol. I, p. 423), are 
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also determined by the greater strength of the bonds within each sheet than be¬ 
tween sheets. 

In [CF]„. according to Ruff (1934) and Rudorff (i 947 ). fluorine atoms enter between 
the carbon sheets, so that every C atom is joined to a F atom, alternately above and below 
the carbon layer. Since every C atom then forms four bonds (three to adjacent C atoms, 
one to an F atom), the valence of the carbon atoms resembles that in paraffinic compounds 
or the diamond structure; the sheets of C atoms are no longer planar, but puckered, and 
the semi-metallic optical and electrical properties of graphite have disappeared. 

Compounds, which cannot be obtained in any other way, are also formed by 
the action of alkali metal vapor on graphite, and have their structure determined 

by that of the starting material. The compounds KC^, 
RbC», and CsC* have been prepared (Fredenhagen, 
1926). 

As Schlecde showed by X-ray investigations (1932), these 
compounds can be derived from graphite by the introduc¬ 
tion of a single layer of alkali metal atoms between every pair 
of carbon sheets of the graphite structure (cf. Fig. 103). 
The distance between sheets is thereby increased from 
3.35 A to 5.34, 5.68 and 5.94 A, respectively. When they 
are degraded by heating, the compounds M'C, change dis- 
continuously into compounds M*Ci„ which differ from the 
former in that a sheet of metal atoms is introduced between 
alternate pairs of carbon sheets. 

Graphite ffuoride and the alkali graphites can also be 
obtained from carbon black (active charcoal or lamp black). 
This is in agreement with the conclusion that in carbon 
black there are the same hexagonal sheets of C atoms as in 
graphite (cf. Vol. I, p. 425). 

These examples show what determines the possi¬ 
bility of preparing, by topochemical processes, com¬ 
pounds which arc not obtainable in other ways. The 
starting material must involve some atomic arrange¬ 
ment, peculiar to the solid state, which is so stable 
that it persists unchanged through reactions occurring 
under mild conditions. The structure of the starting matcral must contain not only 
these particularly strong bonds, but other weaker bonds which may be broken 
by other reagents, with the formation of addition compounds. These conditions 
are most readily fulfilled by layer lattice structures, since in these the binding 
forces in one direction differ from those in the other two directions. The necessary 
conditions may, however, often be fulfilled also by substances with chain, ribbon, 
or channelled structures. 



Fig. 103. Unit cellofKGe. 
a = 4.94, c— 21 .34 A. The 
scale of the diagram is half 
as great as that of the gra¬ 
phite structure in Fig. 80, 
Vol. I, p. 423. 


The topochemical formation of a compound not obtainable by other means, from a 

starting material with a channell^ structure, is exemplified by the preparation of the 

sulfide and polysulfide zeolites related to ultramarine. Cation exchange reactions of zeolitic 

substances can also be regarded as topochemical processes. Montmorillonite, which can also 

undergo cation exchange, has a well developed layer lattice structure (U. Hofinann, 

* 933 *“ 37 )* The reactions ofsiloxene (Vol. I, p, 477 ) other topochemical processes of the 
same type. 
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APPENDIX I 


Rules foi* the Nomenclature of Inorganic Compounds 


In 1938, a committee of the International Union for Pure and Applied Chemistry 
issued a report, Rules Jot the Nomenclature oj Inorganic Compounds, with the object of securing 
uniformity of nomenclature and doing away with incorrect and outmoded names. The 
rules were published in German, English, French, Italian and Spanish by the General 
Secretariat of the lUPAC, in 1940. and were also reproduced in the Journal oJthe American 
Chemical So^ty (63 (1941) 889] and the Journal oj the Chemical Society [1940, p. 1404]. 
A new version of the rules of the International Commission is in course of preparation, but 
is not yet completed. The rules of 1940 will be supplemented rather than basically altered 
by the new rules. A summary of the most important rules is given below. The amendments 
to the 1940 Rules have been incorporated as far as possible. 


A. General 


Names and Formulae. 

Inorganic compounds may be designated either by formulae or by names. 

Use of formulae is especially to be recommended in the case of complicated compounds. 
It is also particularly important in giving preparative details, since it obviates any possi¬ 
bility of confusion. 

In naming compounds, either (a) rational names or (b) trivial names may be assigned. 

Where rational names are used, it is not always necessary that the name should express the 
stoichiometric composition of the substance. Numeral prefixes, indications of valency and 
so on may frequently be omitted, as being superfluous in a given context. E.g., aluminum 
sulphate instead ofaluminum(lll) sulphate; potassium chloroplatinate instead of potassium 
hcxachloroplatinatc(IV), potassium cyanofcrrate(II) instead of potassium hcxacyano- 
fcrratc(Il). 

Some trivial names do not involve any incorrect chemical conceptions, but are in most 
cases drawn in expressive fashion from the common applications and properties of the 
substances—for example nitre, quick lime, caustic soda, chamber crystals. It is permissible to use 
trivial names of this kind. On the other hand, it is no longer permissible to employ trivial names 
which are derived from false conceptions. Names must be regarded as incorrect in derivation 
when they were originally framed in order to make definite statements about the compo¬ 
sition or constitution of the compounds concerned, which are contradicted by our present 
knowledge and theoretical concepts. Names of this sort are sulfate of magnesia, carbonate 
of lime, nitrate 6f potash, acetate of alumina. Although such names are in common use 
(e.g. in industry), they are scientifically incorrect. 


Use of hyphens. 

Names should not be separated into their individual component parts by means of 
hyphens (r.«., chloroplatinic add, not ehloro-platinie aeid). In English, no hyphen is used 
where a Roman numeral is interposed to denote the valeney ofan element fr.g., .re „(//0 
sulfate, ammomum iron (III) sulfate). Where the word Aydmfc is aeeompamed by an arable 
numeral, a hyphen is interposed— e.g.^ copper sulfate 5-hjydraU. 
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B. Nomenclature oj binary compounds 

I. Order oJconsiitxunts in names arulJormuiae. 

As far as it can be inferred from the character of the compound, the electropositive constituent 
of salt-like and other electrovalent binary compounds should be written first both in the formula 
and in the name of the compound. This should be followed by the name of the more electro¬ 
negative constituent, with the suffix -ide. In the case of covalent compounds, or where it is 
uncertain which of the constituents should be regarded as the more electropositive, that 
clement should be named first which appears earlier in the sequence: B, Si, C, Sb, As, P, 
N, H, Te, Se, S, I, Br, Cl, O, F. Thus, sodium chloride; silver sulfide; lithium hydride; boron 
carbide; oxygen difiuoride. 

Certain long-established trivial names for some hydrogen compounds (water, ammonia, 
hydrazine) are still acceptable. For some other hydrogen compounds the following names 
are accepted: 

BjH, diborane, BtH4 diborine, BH, (as type): borine 
SiH4 silane, Si2H4 disilane, etc. 

PH, phosphine, P2H4 diphosphine, 

AsH, arsine, AsjH4 diarsine, SbH, stibine. 

2. Indication of stoichiometric proportions of constituents. 

The relative atomic proportions of the component elements in a compound may be 
denoted in three ways: by indicating the valewy, by denoting the stoichiometric composition, or 
by a fuTxtioruil nomenclature. 

The use of endings -ous and -ic to represent lower and higher oxidation states of electro¬ 
positive elements is ambiguous and unsatisfactory. Hence Stock’s system of denoting 
oxidation states by the use of Roman numerals should now be used exclusively—thus CuGI, 
copper{I) chloride; CuClj, copper{II) chloride; Fe,04, iron{II,ni) oxide. 

To indicate stoichiometric composition, Greek numbers are used as prefixe$,joined to the 
name of the relevant element without a hyphen. In most instances it is possible to omit the 
prefix ‘mono’. The number 8 is denoted by ‘octa’, and 9 by ‘ennea*. For numbers higher 
than 12 it is preferable to use the appropriate arabic numerals in place of a written prefix. 
Arabic figures are also to be used where some fractional proportion of a molecule is to be 
expressed, although ‘V*’ can be denoted by ‘hemi-’. Ex^ples of these rules arc: N, 0 , 
dinitrogen {mon)oxide; NO, nitrogen oxide; NO„ nitrogen dioxide; N,04, dinitrogen Utroxide; 
FeS„ iron disulfide; Co,(CO)„ dicobalt octacarbonyl. 

Since the degree of molecular complexity of many substances may vary with temperature, 

state of aggregation etc. the name to be used shall be based upon the simplest possible for¬ 
mula of the substance. 


3. Nomenclature of intermetallic compounds. 

It is recommended that the formulae only should be used, and as far as possible the exact 
numbers of atoms should be shown. If it is not possible to specify the numbers of atoms 
for intermetallic compounds which exist over a wide range of homogeneity, 
simplified or idealized formulae may be used to represent compounds. Compounds of 
variable cony^ition ^c termed ‘BerthoUide’ or ‘non-Daltonide’ compounds, to dUtinguish 
them from Daltomde compounds (of constant composition). If there is any risk of confusion 
with a compound of constant composition, it is recommended that variability of composition 
should be indicated by putting the sign ^ before or above the idealized formula {e.g., 

n u or aseofthc Zn<*Au system, which may vary in composition between 

Zn4i and Zn^Au^,). ^ ^ 


^. Designation of mass, atomic number and ionization state on atomic ^mbols. 

T *'"S’** “f ^bol has long been used to show the 

'V '"t- to the right of the symbol has been 

used to give the charg. on the atom or molecule, the corresponding positions to the left of the 



appendix 


765 


symbol are logically available for showing the atomic number and mass number. Where it 
js required to show isotopic mass, it is recommended that this should be written as a 
superscript on the left side of the symbol, with the atomic number as a subscript. Thus the 
symbol would repr«ent an ionized chlorine molecule, bearing a single positive 

charge, comisting of chlorine atoms of mass 35, and atomic number 17. While this 
recommendation of the International Union has been followed to some extent (c.p. by 
British chemist^ the practice of writing the atomic mass above and to the right of the 
symbol (e.g i,Cl“) has become so prevalent (rg.. in the American literature) that uni¬ 
formity can hardly be attained. It may be noted that the inclusion of both atomic numbers 
and mass numbers is rarely necessary, except in formulating nuclear reactions. 

5. Group rxames. 


It is recommended that binar>' compounds of the halogens should be termed halogenides 
not halides. The elements oxygen, sulfur, selenium and tellurium are the chalcogens, and 
their binary compounds should be chalcogenides. The alkali metah and alkaline earth metals 
should not be referred to as ‘alkalis’ and ‘alkaline earths’ respectively, since these are the 
outmoded names for their oxides, which should be avoided in scientific writing. On the 
other hand, it is permissible and usual to employ ‘alkali-’ or ‘alkaline earth-’ as an abbre¬ 
viated (adjectival) form in compound words (e.g., alkali halogenides, alkaline earth carbonaUs). 

The name "rare earth metals" may be used for the elements Sc, Y and La to Lu inclusive; 
the name "lanthanum series” for the elements 57-71 (La to Lu, inclusive), and the name 
"lanthariides” for the elements 58-71 (Ce to Lu, inclusive) are recommended. The elements 
89 (actinium) to 103 form the "actinium series” and the name "actinides” is reserved for the 
elements in which the 5yshell is filled up. The name "transuranium elements” is also sanctioned 
for the elements following uranium. 


C. Compounds of more than two elements 

Rules for the nomenclature of binary compounds apply in principle to the naming of 
compounds with more than two elements. Radicals known by special names are treated as 
elementary constituents in building up the names of compounds. Thus NH4CI, ammonium 
chloride; KCN, potassium cyanide; Pb(N3)2, lead azide. 

Ifseveral electropositive constituents are bound to one electronegative element or radical, 
the most strongly electropositive is named first, in accordance with the rule for binary 
compounds. Conversely, if a compound contains several electronegative constituents, these 
should be namedl in the sequence given in .S, i. For compounds consisting of discrete mole¬ 
cules, however, or for radicals the sequence must be in accordance with the order in which 
the atoms are actually bound, e.g. NCS“, not CNS".i 

Sulfur replacing oxygen in acid radicals is generally denoted by ‘/Aio-’, Thus compounds 
of the SCN radical are thiocyanates, not sulfocyanates (nor sulfocyanides). 

Names such as lead chlorqfiuoride (instead of lead chloride fluoride), lead sulfochloride 
(for lead sulfide chloride) may be used for mixed salts. 

In naming silicates, names such as alumino-, boro-, beryllo-silicatcs should be used ordy 
for compounds in which Al, B, Be etc. replace Si in the crystallographic sense. Thus ortho- 
dose, KfAlSisOg], is an aluminosilicate (potassium aluminotrisilicate); spodumene, 
LiAl[SijOa], is an aluminum silicate (lithium aluminum disilicate); muscoviu, 
KAl,[AlSi 30 ,o](OH)„ is an aluminum aluminosilicate. 

D. Names for Ions and Radicals 

t. Cations. 

a. Monatomic cations should be named as the corresponding element, without change or 
suffix. 

h. This principle sTiould also apply to those polyatomic cations for which radical names are 
preserved, e.g. NO+ and NO,'*', the nitrosyl and nitryl cations respectively, 
f. Polyatomic cations formed from monatomic cations by addition of other tons or neutral atoms 
or moleades (ligands) will be regarded as complex and will be named accor^ng to the ru « 
given in section C, (e.g. [Al(HjO),] hexaquo-alummium ion and [CoCKNHj)^] 
chloro-pentamminecobit ion). For some important polyatomic cations special radical 
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names may be used, e.g. for UO^ the name “uranyl ion” instead of “dioxouranium(VI)- 
ion * * 

'd. Names for polyatomic cations derived by addition of protons to monatomic anions are formed 
bv adding -onium to the root name of the characlcrisuc element (e.g. phosphomum, ars- 
onium, stibonium. oxonium. sulfonium. selenonium, telluronium, and todonium) Organs 
compounds derived by substitution in these primitive compounds should be named as such, 
whether the primitive itself be known or not, e.g. (CH,),Sb^ the tetramethylstibonium ton. 

7 he ion H3O+. which is in fact the monohydrated proton, is to ^ oxomuni 

ion when it is believed to have this constitution, as for example in [H50]+ , oxonium 

perchlorate. The widely used term ^hydronium' should be kept for cases where it is wished to 
denote an indefinite degree of hydration, i.e. as in aqueous solution. If however the hydra¬ 
tion is of no particular importance to the matter under consideration, the siinpler term 
hydrogen ion’ may be used. The latter name may also be used for the indefinite^ solvated 

proton in non-aqueous soivcnu; definite ions, such as and (CH3)5 O ^ 

tr<*atcd as derivatives of the oxonium ion, i-e. as methyloxonium and dimcthyloxonium ions 

e. The name 'ammonium' for the ion NH«+ docs not conform to subsection d but should be 
retained. Substituted ammonium ions, derivable from nitrogen bases with 

in -amine will receive names formed by changing -amine into -ammonium, e.g. HONHj'^ 
the hydroxylammonium ion. Where however the nitrogen base is known by a name ending 
in a termination other than -amine, the ending -ium should be added (if necessary a final 
e or other vowel may be omitted), e.g. hydrazinium, anilinium, glycinium, pyridinium, 

guanidinium, imidazolium. . ■ • • 

f. Where more than one ion is derived from one base, e.g. NjH,'*' and their ionic 

charges should be indicated on their names, as the hydrazinium (i-h) and hydrazinium 
(2+) ion respectively. 

g. Cations formed by adding protons to other molecules may also be given names formed 
by adding -ium to the name of the compound. In the case of cations formed by adding 
protons to acids, the word acidium is to be added after the name of the anion; e.g. HjNOj'*’ 
is the nitrate acidium ion. 


2. Anions. 


a. The names for monatomic anions should consist of the name with the termination -ide. 
Thus: 


H~ hydride ion 
F” fluoride ion 
CI~ chloride ion 
Br“ bromide ion 
I~ iodide ion 


0*“ oxide ion 
S*” sulfide ion 
Sc*" selenide ion 
Te*" telluride ion 


N*" nitride ion 
P*” phosphide ion 
As*" arsenide ion 
Sb*~ antimonide ion 


Expressions such as e.g. ‘chlorine ion* are used, particularly in connection with crystal 
structure work and spectroscopy. The Nomenclature Commission recommends that whenever 
the charge corresponds with that indicated above, the termination -ide should be used. 

b. Certain polyatomic ions also have special names ending in -ide. These are: 


OH" hydroxide ion 
0|~ peroxide ion 
Oj hyperoxide ion 
0~ ozonide ion 
SJ- disulfide ion 
Is" triiodide ion 
IClj dichloroiodide ion 


N, azide ion 

NH*" imide ion 

NHj amide ion 

NHOH" hydroxylamide ion 
N,H^ hydrazide ion 
CN" cyanide ion 


Names for other polysulfides and polyhalides may be formed analogously. 

Ions such as HS~ and HOj will be called the hydrogen sulfide ion and the hydrogen 
peroxide ion respectively in accordance with section and do not require special names. 


c. The names for polyatomic anions will consist of the name of the central atom with the 
termination ’ate. Atoms (or groups) other than oxygen attached to this central atom should 
be treated as ligands in a complex ion (section C). It is quite practicable to treat oxygen 
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also in this way, although custom hitherto has been to ignore it altogether in the name, 
and to indicate its proportion by prefixes (per-, hypo- etc.) and sometimes the suffix -ite in 
place of-ate. These old-established names are often convenient, and may be preserved as 
trivial names. For all new ions, however, it is preferable to use the system giv’cn in section G. 


j. Radicals. 

a. Generally, radicals or atomic groups bear the same names as the corresponding ions, 
e.g. the ammonium radical; the sulfate group. There arc a few exceptions to this rule: 

hydroxyl group corresponding with the hydroxide ion 

mcrcapto or thiol group corresponding with the hydrogen sulfide ion 

amino group corresponding with the amide ion 


b. Certain radicals containing oxygen or other chalcogens have special names ending in -yl: 

HO hydroxyl SjOj pyrosulfuryl 


CO carbonyl ScO 

nitrosyl SeOg 

nitryl CrOj 

phosphoryl UO* 

vanadyl NpOj 

thionyl PuOj 

sutfuryl 


NO 

NOj 

PO 

VO 

SO 

SOj 


seicninyl 

selenonyl 

chromyl 

uranyl 

neptunyl 

plutonyl 


When oxygen is substituted by other chalcogens this is indicated by prefixing ihio-. 
seleno- etc., e.g. thiocarbonyl, CS. 

In the cases where such radicals may have different valencies, the valency of the char¬ 
acteristic element should be indicated by means of the Stock-number, e.g. UOj may be 
either uranyl(VI) or uranyl(V) corresponding with the ions UOg*-^ and U02+ respectively. 
Similarly VO may be cither vanadyl(V), vanadyl(IV) or vanadyl(III). 


E. Oxoacids 


For most of the important oxoacids, there are names established by long usage, which 
it is not necessary to alter. In the following six cases, however, there is some confusion, due 
to the existence of alternative designations, some of which are based upon false conceptions. 
The recommended nomenclature is as follows. 

1. H,S, 0 , Dithionous acid (not hydrosulfurous or hyposulfurous acid). Skills—dithioniUs. 

2. H.S.O. Thiosul/uric acid (not hyposulfurous acid). Salts—Ihiosul/aUs. 

3. H.SO4 PeroxomoTwsuIfuric acid (not persulfuric acid). The acid H^SjOg should also be 

termed peroxosulfuric acid(or better, pcroxodisul/uricacid),and not persulfuric acid. 

4. H,NO, Nitro}^lic acid (not hydronitrous acid). Salts—nUroxylaUs. 

5. H.B.O, Telraboric acid (not pyroboric acid). Sa\ts—UtraboraUs. 

6. HgPjO, Hypophosphoric acid (not subphosphoric acid). Salts—hypophosphales. 


Acids which are derived from oxygen acids by the replacement of oxygen by s^fur arc 
to be known as thioacids (not sulfoacids). Their salts arc ihiosalts. Example HfiS, 
Irilhiocarbonic acid. NaaSbSg trisodium teirathioantimonaU (or sodium thioantimonatc). 


F. Salts 


I. General. .. 1 u 

Salts are named by appending to the name of the 
of the acid, with the suffix -aU, -iU or ■ Examples-Ag^,, NaN^^^^ 

sodium nitriu, MgSOg. sulfaU; ^nS ^ 

ylale, KCN, potassium Mixed salts "art^nate- KCaPOg. jxMassium calcium 

in C-for example, KNaCO,, potassium sodium carbonate pu 

ph^phate; NHgMgPOg, beTegarded as coordination compounds. 

Salts of nitrogen a^e then designated -onium or -inium compounds, 

analogous to the ammonium salts. Ihey a fN.HslCl, hydrazinium {mono)chloride ; 

Examples—[N(CH3)4]CI, Utramethylammomum chloride, [i , $J > J 
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[N,He]Cl2, hydrazinium dichloride; [C5H5NH]CI, pyridinium chloride. If nitrogen compounds 
are regarded as addition compounds, however, they must be named according to the rule 
given in G, 5. 

2. Acid salts {hydrogen salts). 

The rational names for acid salts are formed by insertion of‘hydrogen’ for the hydrogen 
atoms they contain, the hydrogen always being the last of the electropositive constituents 
specified {e.g., KHSO*, potassium hydrogen sulfate, NajHPO^, disodium hydrogen phosphate, 
NaHjPOi, sodium dihydrogen phosphate, NaNH4HP04, sodium ammonium hydrogen phosphate). 
If it is desired to emphasize the general class of compound rather than the composition, the 
terms acid salt, primary, secondary or tertiary salt etc. may be used. 

Specification of the acid: base ratio by the prefix bi- is not in harmony with the principles 
of rational nomenclature, and it is therefore incorrect to use names such as bicarbonate, 
bisulfate etc. 

3. Basic salts. 

Basic salts which arc proved to contain hydroxyl groups (or ions) are termed hydros^ salts. 
In the light of available structural evidence, this nomenclature cannot be taken as implying 
that hydroxysalts are constitutionally addition compounds of hydroxides with neutral salts. 
Example Cd(OH)Cl, cadmium hydrorychloride. Where hydroxyl groups are bound within a 
coordination complex, Werner’s terminology is used, and the hydroxyl groups are desig¬ 
nated hydroxo groups. 

Basic salts containing both acid radicals and oxygen atoms linked to the metal are termed 
oxysalts. In a few cases (e.g. the BiO+ and UO,++ groups) it is generally accepted that 
definite radicals, or their polymers in solid compounds, exist as structural units. In such 
cases, names based on the radicals, with the suffix -yl, are used. Examples—BiOCl, bismuth 
oxychloride or bismuthyl chloride-, UO,(NOs)„ uranium diojydinitrate or uranylnitrate. Werner’s 
system is used for oxygen atoms bound in the coordination complex, which are termed 0x0- 
atoms. 


G. Compounds of higher order 


1. Complex compounds or coordination compoxmds. 

Werner’s system of nomenclature is used, except insofar as the oxidation state of the 
central atom is now to be indicated by a roman numeral, as is now general throughout 
inorganic nomenclature. The cation is to be named first, followed by the anion. The names 
of negative coordinated groups are given the ending -o, neutral ligands being given no 
characteristic endings. Water and ammonia as neutral ligands in complexes are referred to 
as aquo and ammine respectively. The order of listing ligands is (i) negative groups, (ii) neutral 
groups (Example—[Ck)CI,(NH,)4j+ dichloroUtrammine cobalt{IH) ion). The oxidation stete 
of the central atom of complex cations or neutral complexes is shown as in the example 
above; for complex anions, the oxidaUon state is indicated as in H.fPtCI,], hydrogen hexa- 
chloToplatxruiU{IV)y K.^[Co{NOf)^]y potassium hexanitfocobaltaU^IIl). 


2. Isopolyacids and their salts. 

Where the composition and consUtuUon of the structural units of isopolyacids and their 
salts are known, nomenclature follows the rules already given. In many cases, however, the 
coiuutution IS not yet known, and there is need for uniformity in representing the stoichio¬ 
metric composition of the compounds concerned. Three methods may be used: (a) the 
coniposition referred to the simplest empirical formula, is indicated by Greek numiical 
prefees, as for other compounds; (b) the compound may be named by adding the numbers 
of the several atoms in brackets the name; (c) the ratio basic anhydride: acid anhy- 
dnde IS shown by meaiis of arabic figures, in parentheses. This form of representation hL 
^ used. In all the basic consfituent is named before the acidic. Acid hy- 
nZr >nd>cated by ‘hydrogen*, and should always be specified if present. The 

number of hydrogen atoms should also be given in naming the fi-ec acids, if ^ible. 



appendix 


Examples: 



Empirical 

formula 

NajMo04 

NajMojOit, 

Na^V^O,, 

NaVjO, 

NajP.Ojo 

NajB^O, 

NajBgOis 

NaBjOa 


Use of 
Greek prefixes 

disodium molybdate 
disodium trimolybdate 
disodium tetrawolframate 
disodium tetravanadate 
sodium trivanadate 
pentasodium triphosphate 
disodium tetraborate 
disodium octaborate 
sodium pentaboratc 


Use of 

numbers in brackets 
sodium molybdate (2.1.4) 
sodium molybdate (2.3.10) 
sodium wolfrarnate (2.4.13) 
sodium vanadate (2.4. ii) 
sodium vanadate (1.3.8) 
sodium phosphate (5.3.10) 
sodium borate (2.4.7) 
sodium borate (2.8.13) 
sodium borate (1.5.8) 


Resolved 

formula 

NajO.MoOj 

Na 20 , 3 MoO, 

Na 20 , 4 W 02 

Naj0,2V20j 

NajO.sVjOj 


Use of anhydride 
ratios 

sodium(i : i)molybdate 
sodium(i ; 3 )molybdate 
sodium(i : 4)wolfrarnate 
sodium(i : 2)vanadate 
sodium(r : 3)vanadate 


Resolved 

formula 

sNajO.sPjOj 

Naj0,2B203 

Na 20 . 4 B 20 , 


Use of anhydride 
ratios 

sodium(5 : 3 )pHosphatc 
sodium(i : 2) borate 
sodium(i : 4)borate 
sodium(i : 5)boraic 


3. Heteropolyacids and their salts. 

As with the isopolyacids, the constitution of a considerable number of heteropolyacids is 
now known; the compounds can be named according to the rules already given or mav in 
many cas« be conveniently referred to by formula wherever possible. Nomenclature bied 
on stoichiometric composition follows, as for isopolyacids, from the simplest formula 
^pressing the analytical composition. The empirical formula of the acids may be resolved 
into nonmctalhc acid, oxide of the acid forming metal, water. That of salts may be broken 
up into salt of nonmetallic acid (further resolved into the ratio of basic anhydride to acid 
anhydride if necessary), oxide of acid forming metal, water. The numbers of atoms of the 
two acid-forming elements in this simplest formula are then expressed either by greek 
numeral prefixes, or by arable figures. The suffix ~o is added to the the stem of the name of 
the acid forming metal; the nonmetallic acid is named last, in conformity with the fact 
that this is now known to form the central atom or group of a particular type of complex. 

J^sPOi.igMoOs Dodecamolybdophosphate 3R20 PjOj-24Mo03 24-moIybdo-2-phos- 

phate or 12-molybdo- 
phosphate* 

aRjPOj, 17WO3 17-wolframodiphosphate sRjOPzOg-17WO3 17-wolframo-2-phos- 

phate 

Dodecawolframoborate 5Rj0B203'24W03 24-wolframo-2-borate or 
_ 12-woIframoborate* 

RgSiOf, 1 gWOj Dodecawolframosilicate 4R20‘Si0j-12WO3 12-wolframo-silicaie* 


4. Double salts. 

Names of double salts are formed by citing the cationic constituents in order of de¬ 
creasing electropiositivity. Constituents common to both components need be named only 
once. Examples—KCl-MgClg, potassium magnesium chloride; NajSOg-CaSOg; sodium calcium 
iulfate, KChMgSOg, potassium chloride-magnesium sulfate. 

5 - Hydrates, and other addition compounds. 

Compounds containing molecules HjO, as constituents are given the generic name of 
hydraUs. The number ofonoleculcs present may be denoted either by Greek numerical prefixes 

• Note that in these cases the name derived directly from the resolved formula can 
obscure the constitutional relationship known to exist between them, as members of the 
1 2 -woIframo- (or 12-molybdo-) type, [XMjsOio]*"^ with X = P, B, Si etc., M = W or Mo. 
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or by arabic figures. Example-CaCU'SH^O, calcium cUmi^ heuahydraU or caici^ chloM 
ImZc. If <hc name is intended, however, to express the fact that the relevant molecules 

ar/bound in a caocdinalicn complex, the compoun^ must be termed a,«..compou^^ 

The ending -aU should not be used for addition compounds of H^O, or NH,. For 
example CaCU-SNHa should be named calcium chloride 8-ammoma, and not calcium chloride 

8-arnfnoniatc. . ai/^i u 

Other addition compounds may be named m similar manner, e.g 

aluminium chloride tctraclhanol or aluminium chloride 4-ethan^. In general types of a^ 

dilion compounds, such as are formed by PCI3, NOCl, HjS, C2H5OH etc., arc ^ 

to by formulae rather than by special names. Alternatively, such a compound ^ AlCU^NOCl 

may be referred to as ‘the compound of aluminium chloride with nitrosyl chloride . 

H. Stale of aggregation—-polymorphism 


/. Polymorphism. 

In order to distinguish clearly between different polymorphic modifications of a single 
substance, it often will suffice to indicate the crystal system after the name or fomula; 
c.g. zinc sulfide (cub) - zinc blende or sphalerite, and ZnS (hex) — wurtzite. The ab¬ 
breviations should be made so that confusion is avoided, and the terrns trigonal (trig) and 
orthorhombic (orh) are to be preferred to rhombohcdral and rhombic. It is also possible 
to indicate simple structures as being face-centred, body-centred, close-packed, etc. 

Examples: cubic facc-ccntred (cub. f.c.); tetragonal body-centred (tetr. b.c.); hexagonal 
closc-packcd (hex. c.p.). A slight distortion of a simpler lattice could be indicated by “dist.” 

—c.g. “dist. cub. f.c.”. 


2. Allolropes. 

For the nomenclature of solid allotropic forms the foregoing rule concerning polymor¬ 
phism can be used. ... u u u u j 

If rational names for gaseous and liquid modifications are required, these should be based 

on the size of the molecule which can be indicated by Greek numerical prefixes. If the 
number of atoms be great and unknown, ‘poly’ can be used. 


Symbol 

Old name 

Mew name 

H 

atomic hydrogen 

monohydrogen 

0, 

oxygen (common) 

dioxygen 

O3 

ozone 

trioxygen 

P. 

white (or yellow) phosphorus 

tetraphosphorus 

Ss 

A-sulfur 

octasulfur 

Sn 

(i-sulfur 

polysulfur 


The new names need only be used when it is wished to emphasise that a definite allotropic 
modification is meant. 
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Distribution of Electrons among the Energy Levels in 

the Ground States of Free Atoms 


The numbers of electrons in the orbitals of the ground states of the elements are 
given. The quantum numbers of the orbitals are given at the head of the Table. 
The rare gas configurations are printed in heavy type. Data as yet uncertain are 
given in brackets. 

The term symbol, quoted in the last column, denotes the energy state of the whole 
atom, resulting from vectorial addition of the subsidiary quantum numbers for 
the individual electrons. (Closed shells and sub-shells always add up to zero and 
therefore do not contribute to the resultant.) The individual quantum numbers 
/j, /j etc. give a resultant quantum number L, and this combines with the resultant 
spin quantum number Sp for the atom as a whole to give a resultant J. Atomic 
energy states with L = o, i, 2, 3, 4 etc. are denoted as S, P, D, F, G etc. states 
respectively. The value of J is written as a subscript following the letter which 
denotes the L value. The superscript before the letter denotes the “multiplicity”, 
i.e. the number of sub-levels which is equal to 2 5]^ -h 


Atomic 

Numbers 

X-ray levels 

K 

1 

L 

1 

M 

N 

0 

P 

£2. 

Term 

symbols 

Princ. quant, 
number n = 
Subs, quant, 
number / = 

Symbols for the 
energy levels 

J 

0 

s 

2 2 

0 / 

J p 

3 3 3 

0 t 2 

1 

s p d 

4 4 4 4 

1 

0123 

s p d f 

5 5 5 5 

1 

1 

0123 

s P df 

6 6 6 

0 12 

s p d 

7 

0 

s 

/ 

Hydrogen ... 

1 

I 




1 





2 

Helium. 

2 


1 







3 

Lithium. 

a 

I 

1 

1 






4 

Beryllium .... 

2 

2 






*Pili 

0 

5 

Boron. 

2 

2 I 




1 

1 




6 

Carbon. 

2 

2 2 




1 

1 

1 


V 

7 

Nitrogen .... 

2 

2 3 








8 

Oxygen. 

2 

2 4 








9 

Fluorine. 

2 

2 5 






0/ * 


10 

Neon. 

2 

2 6 








It 

Sodium . 

2 

2 6 

I 







12 

Magnesium . 

2 

2 6 

2 







*3 

Aluminum ... 

2 

2 6 

2 X 

1 






^4 

Silicon. 

2 

2 6 

2 2 


1 
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X-ray levels 


K 


M 


N 


O 


a 


(A 

& 




I Print, quant. 

I number n = 

! Subs, quant, 
i number / = I o 

Symbols for the 
energy levels 


t \ 2 S 


3 3 3 \ 4 4 4 4 


1 

0 10 12 


s P 


0 12 2 


p d \ s p d f 


5 5 5 5 

0123 

s p d f 


6 6 6 

0 12 

s p d 


7 

o 


Term 

symbols 


/J 

16 

‘7 

18 

‘9 

so 


21 

22 

23 

24 

25 

26 

27 

28 

^9 

30 

3* 

3 ^ 

33 

34 

35 

36 


Phosphorus . 

Sulfur. 

Chlorine ... 

Argon . 


I 


2 2 0)23 
2 2 6 ' 2 4 
2 26 23 
226126 


37 

36 

39 

40 

41 

4 S 

43 

44 

45 

46 

47 

48 

49 

50 

5 f 

5^ 

53 

54 

55 
5 ^ 


Potassium ... 
Calciu m. 

Scandium . . . 
Titanium . . . . 
Vanadium . . . 
Chromium 
Manganese.. . 

Iron . 

Cobalt. 

Nickel . 


2 2 6 I 2 6 
226126 

I ' 

2,26126 I 
2 2 6 j 2 6 2 
226^263 
2 26^265 
2 < 2 6'2 6 5 

2 2 6 I 2 6 6 

2261267 
226 268 


Copper . . . 

Zinc. 

Gallium . . . 
Germanium 
Arsenic ,. . 
Selenium .. 
Bromine . . . 
Krypton .. 


2 

2 

2 

2 

2 

2 

2 

2 


2 6 
2 6 
2 6 
2 6 
2 6 
2 6 
2 6 
2 6 


10 

10 


2 6 
2 6 
2 6 10 

2 6 IT) 

2 6 10 
2 6 10 
2 6 10 
2 6 10 


Rubidium . •. 
Strontium.... 

Yttrium. 

Zirconium ... 
Niobium .... 
Molybdenum. 
Technetium 
Ruthenium .. 
Rhodium . . ., 
Palladium .. . 


Silver. 

Cadmium . 
Indium .,. 

Tin. 

Antimony , 
Tellurium,, 
Iodine .... 
Xenon .... 


2 

2 

2 

2 

a 

2 

2 

2 

2 

2 

2 

2 

a 

2 

2 

2 

2 

2 


2 6 
2 6 

2 6 
2 6 
2 6 
2 6 
2 6 
2 6 
2 6 
a 6 

2 6 
2 6 
2 6 
2 6 
2 6 I 
2 6 > 
2 6 
2 6 i 


2 6 10 
a 6 10 

2 6 10 
2 6 10 
2 6 10 
2 6 10 
2 6 to 
2 6 10 
2 6 10 
2 6 10 

2 6 10 
2 6 to 
2 6 10 
2 6 to 
2 6 10 
2 6 10 
2 6 10 
2 6 10 


! 

2 

2 

2 

2 

1 

2 
2 
2 
2 

1 

2 

2 I 
2 2 
2 3 
2 4 
2 5 
2 6 


Cesium 

Barium 


226 2 6 to 
2 26 2 6 10 


2 6 
2 6 

a 6 I 
262 

264 

265 

(5) 

267 
2 6 8 
2 6 10 


2 6 10 
2 6 10 
2 6 10 
2 6 10 
2 6 10 
2 6 10 
2 6 10 
2 6 10 


2 6 10 
2 6 10 


1 

2 

2 

2 

1 

1 

(2) 

I 

1 


1 

2 

2 1 
2 2 
2 3 

24 

2 5 

2 6 


2 6 
2 6 


1 

2 




9 /t 




9/t 






*s 


I It 




8 /» 




9/2 


•5’ 


5/2 
‘^/2 

’•^ 1/2 

^■S'9/2 


“^2 

■•yo 


s/> 


*p 


2 


9 /t 






1/8 


*Z) 


•D 


9/9 


1/9 


(••S’./.) 




•/9 

•-yi/s 

*^l /9 




9/9 






1/9 
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« 

X-ray levels 

K 

L 

A/ 

ti U 

Princ. quant. 

♦ 




E -2 

number n = 

I 

2 2 

J 5 5 

4 

2 1 

Subs, quant. 

t 

1 




<i 

number / = 

1 0 

0 / 

,012 

0 


Symbols for the 
energy levels 

) 

1 

1 ^ 

s p 

1 

> s p d 

s 

57 

Lanthanum . . 

! 2 

2 6 

2 6 10 

2 6 

5 S 

Cerium . 

12 

2 6 

2 6 10 

2 6 

59 

Praseodymium 

i 

2 

2 6 

2 6 10 

2 6 

6o 

Neodymium . 

2 

2 6 

1 2 6 10 

' 2 6 

6i 

Promethium. . 

2 

* 2 6 

2 6 10 

2 6 

62 

Samarium ... 

2 

, « 

2 6 10 

2 6 

63 

Europium. ... 

2 

2 6 

2 6 10 

1 2 6 

64 

Gadolinium . . 

! 2 

2 6 

; 2 6 10 

2 6 

65 

Terbium .... 

2 

I 2 6 

^ 2 6 10 

2 6 

66 

Dysprosium . . 

2 

I 2 6 

1 

2 6 10 

|2 6 

67 

Holmium .... 

2 

; 2 6 

1 2 6 10 

1 2 6 

68 

Erbium . 

2 

2 6 

i 2 6 to 

1 ^ ^ 

69 

Thulium .... 

2 

2 6 

2 6 10 

.2 6 

70 

Ytterbium ... 

2 

2 6 

2 6 to 

2 6 

7/ 

Lutetium .... 

2 

2 6 

; 2 610, 

126 

72 

Hafnium. 

2 

2 6 

2 6 10 

2 6 

73 

Tantalum ... 

2 

2 6 

2 6 to 

2 6 

74 

Tungsten .... 

2 

2 6 I 

2 6 10 

2 6 

75 

Rhenium .... 

2 

2 6 

2 6 to ! 

2 6 

76 

Osmium .... 

> 

2 

2 6 

2 6 10 

2 6 

77 

Iridium. 

2 

2 6 

2 6 to 

2 6 

7S 

Platinum .... 

2 

2 6 

2 6 10 

2 6 

79 

Gold. 

1 

2 

2 6 

2 6 10 

2 6 

80 

Mercury .... 

1 

2 

2 6 

2 6 to 

2 6 

81 

Thallium .... 

2 

2 6 

2 6 10 1 

2 6 

82 

Lead . 

2 

2 6 

2 6 to 

2 6 

^3 

Bismuth. 

2 

2 6 

2 6 10 

2 6 

84 

Polonium .... 

2 

2 6 

2 6 10 
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Wobki, 661 [j] 

Woo, 335 
Wood, 447 
Woolf, 131 
Wooten, 312 
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VVrighr, 659 
WyckofT, 153, 438 


Y 

Ymcma, 39, 479 
Yost, 496 (4), 501 [4] 
Young, 72, 171 


Z 

Zachariascn, 43, 197, 199, 200, 
201, 204, 483, 612, 617, 618, 
630 

Zcchmrister, 682 {38] 
Zcnghclis, 331, 351 
Zicrvogcl, 393 
Zimen, 582 [fi] 


Zintl, 22, 23, 24, 498, 730 
Zimowa, 75 

Zsigmondy, 413, 661 [6, 14], 
663, 665 [ 5 ], 666, 667, 674 

[^. 675. 677 
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Absorption, 679 

— isotherm, 679 
Acanthite. 407 
Acetates, 732 
Acetatoaurates, 420 
Acetatotrichromium (III) sails, 

« 4 « 

Acetatoiriiron (III) complex, 
286 

— salts, 285 
Acetic acid, 732 
Acetylides, 32 
Acidoaquoleiramminechro- 

mium (III) compounds, 147 
Acidodiaquotriamminechro- 
mium (III) compounds, 

.'47 

Acidomanganate (IV) salts, 
225, 226 

Acidoniobates, 108 
Acidopentammincchromium 
(III) compounds, 147 
Acidopcntaquochromium (III) 
compounds, 147 
Acidotriaquodiamminechro- 
mium (III) compounds, 147 
Acidovanadates, 93 
Actinide elements, iv, 6 jo 

-atomic structure and 

valence states, 611 

-electronic configuration, 

610 

-history, 614 

-—-magnetic properties, 613 

— series, i, v 
Actinium, 30, 42, 503 

— compounds, 43 

— disintegration series, 536, 

537 

— emanation, 42 

— iead, 537 
Actinon, 42 

Actinouranium, 189, 536, 537 
Activated adsorption, 681 
Activation energy, 700, 701 
-wave mechanical calcu¬ 
lation, 708 
Activators, 715 
Active deposits, 523 


Active intermediate states. 746, 
747 

— states, 273 
Adsorption, 679 

— from solutions, 681 

— isotherms, 679 

— of electrolytes, 681 

— rule, 531 

— selective, 682 
Acrodisperse systems, 687 
Aerosols, 688 
Aflfination, 394 

Age hardening, 27, 28 
Alabanditc, 221 
Alitizing, 756 
Alkali mercury sulfonates, 

473 

— permanganates, solubility, 
228 

Alloys, 2 

— improvement, 27 
Alluvial or placer gold, 409 
Alpha-particle, 563 

— charge on, 510 

— energy, 518, 519 

— nature of the, 511 

— range, 509, 510 

— spectrum, 520 
Alpha-rays, 504, 508 
AJuminoihermic reduction, 2 
Aluminum-bronzes, 375 
Amalgams, 459, 460 
Americium, 6t i, 612,615, 633, 

634 

— (Ill) compounds, 634 

— (V) compounds, 634 

— hydride, 634 

— metallic, 634 

— oxides, 634 

— trichloride, 633 

— trifiuoride, 633 
Ammonia, liquid, 728, 729,730, 

73 * 

Ammoniates, 729 
Ammonium chromate, 156 

— dichromate, 156 

— molybdate, 164, 168 

— molybdophosphatc, 168, 

182 

— nitratocerate (IV), 498 

— pcrtechnetate, 232, 233 


Ammonium uranate, 201 
Ammonoacids. 728. 729 
Ammonobases, 728 
Ammonolysis, 727, 729 
Ammono system. 727 
Amphiprotic, 721 
Amphoteric hydroxides, 
behavior, 727 
Anatase, 59 
Anhydrobase, 722 
Annihilation radiation, 567 
Anomalous mixed crystals, 331, 
54 » 

Ansolvoacids, 727 
Ansolvobascs, 727 
Anti-knock, 289, 714 
Antimony, 645, 646 
Apatite, 102 
Aprotic, 723 

Aquoamminocobalt(III) ions. 

305 

Aquopenlamminechromium 
(III) compounds, 146 
Aquopentamminecobali(III) 
chloride, 304 
Arbor Dianae, 394 
Argentiie, 392 
Aritc, 313 

Arsenic trioxide, 274 
Artificial atomic trans¬ 
mutations, 560 

— new elements, 593 

— radioactivity, 541, 574 
Artificially activate elements, 

uses, 582, 583 
Assaying, 4 
Astatine, 593 
Aston’s rule, 592 
Atacamile, 390 
Atmosphere, 643 
Atomic piles, 603, 626 

— graphite-moderated, 627 
Auger effect, 585 
Aurates, 418 

Auric, sec Gold (III) 

Austenite, 263, 265, 269 
Auto-catalysis, 374, 712 
Auto-dissociation, 725 
Auto-ionization, 727 
Autoxidation, 718 
Azurite, 367, 389 
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B 

Bad<l( h yilc, 68 
Jian<l ^|K'( fra, 

Harnirii, < tr( ironic conBgura- 
lion. 425 

rnrtal\jngstat(\ 1 Hi 
platinocyannlc, 350 
lungstohoratr. i Ui 
iiasK B<*ss<Turr process, 259 
< ol>alt hroinidrs. 299 
(oBalt hahdt'S, 2(|8 

1 iibalt .sultafrs, 301 
ironi III) sulfate, 279 
manganese carbonate. 220 
nickel halides. 314 

slat,', 239 

?it\v ( arbonate. 443 

2 me chlorides. 441 

s law, 665 
H<Tkehufn. 615. 635 
Berzclianiie, 371 
Bes,srrn<T proc<*ss, 253, 254, 

.>', 8 . '^59 

liefa-brass, 23. 375 
•decay. 574 

• parurte, ionizing power, 

r>^ I 

•parlicies. energy, 521 
-partic Ics. maximum energy, 

r>^ I 

-ra>s. 504. 5c I 

•rays, absorption, 512 
—ray spectrum, 522 

•s|>ectrum of radium E, 521 
Biel>ente. 301 
Biophile elements, 656 
Bismuth, 538. 645. 646 
Blast furnace process, 254, 255, 
256 

Blister steel, 261 
Bl(K)dsione, 272 
Ikjhr-Sommerfeld theory, v 
Boltzmann constant, 7 
Bombarding particles, pro* 
duciion, 565 
Bordeaux mixture, 376 
Borniie, 276, 367 
Bournonite, 367 
Braggitc, 320. 338 
Brass. 375 
//•Brass, 23, 375 
Brasses, 433 
Braunite, 208, 213, 214 
Brazilitc, 68 
Br^ithauptite, 307 
Brittle metals, 1 
Brochantitc, 387, 390 
Bromite, 401 

Bronsted’s theory of acids and 
bases, 721 
Brorups, 375 
Bronzile, 280 
Brookite, 59 

Brownian movement, 668, 688 


Brown iron stone, 252 
Brown ring test, 270 
Bunscnilc, 311 

C 

Cadmium. 443, 645 

— alkyls. 444 

— amide. 450 

— - analytical. 433, 456 

— autocomplex formation. 448 

— basic chlorides. 449 

— basic salts, 449 

— bromide*. 431 

— carbonate, 435 

— chhindc, 430. 451 

— complex cyanides, 453 

— complex nitrites, 434 

— complex oxalates, 435 

— compounds, 448 

— crystal structure, 423 

— cyanide, 433 

— double halides, 453 

— electronic configuration, 

425 

— Huoride. 432 

— halides, autocomplex for¬ 
mation, 452 

-conductivities, 452 

— history, 445 

— hydroxide, 450 

— hydroxychloride, 449 

— iodide, 450, 431, 432 

— miscibility and compound 
formation, 426 

— nitrate, 453 

-double compounds, 454 

— nitrite, 454 

— occurrence, 445 

— oxalate, 435 

— oxide, 448, 450 

— physical constants, 424 

— physical properties, 423 

— plating, 447 

— preparation, 445, 446 
-electrolytic extraction, 

446 

— properties, 446, 447 

— salts, 448 

— sulfate, 454 

-ammoniate, 434 

-double salts, 454 

— sulfide. 423, 44B, 450, 451 

— thiocyanate, 453 

— uses, 447, 448 

— yellow, 451 
Calamine, 428, 429, 443 
Calavcrite, 409 

Calcium, electronic configura¬ 
tion, 423 

— tungstate, 178 

— uranate, 201 
Californium, 611, 613, 635 
Calomel, 466 

— electrode, 458 


Canal rays, 304 
Capillary condensation, 679, 
684. 683 

— forces, 683 
Carbonatocobaliates. 301 
Carbonatothorates, 84, 85 
Carbonatouranates. 203 
Carbonyl halides, survey, 352 

— hydrides, survey, 352 

— iron, 3, 253 

— process, nickel. 308 
Carbonyls, alcohol-substituted, 

355 

— amine-substituted. 355 
Carnoiite. 90, 187, 188 
Case hardening, 261 
Cast iron, 267 
Catalysis, 691 

— and chemical equilibrium, 

717 

— biological importance, 692 

— historical, 692 

— reaction kinetic interpreta¬ 
tion, 708 

— theories. 693 
Catalysts, 691 

— poisoning. 692 
Catalytic direction of reac¬ 
tions, 713 

— poisons, 714 

— power, measurement, 716 
CataphoresLS, 669, 685 
Cathode rays, 344 
Cementation, 374 

— copper, 374 
Cementite, 263, 264, 265 
Ccria, 34 

Ccrite, 34, 493 

— earths, 34, 491 
Cerium carlwnate, 499 

— (Ill) chloride, 498 

— complex chloro^ts, 498 
-sulfates, 499 

— compounds, 497 

— dioxide, 497, 498 

— double oxide, 498 

— (Ill) hydroxide, 498 

— (Ill) nitrate, 498 

— nitrato salts, 4^ 

— oxalate, 499 

— oxide, 496 

— (IV) oxide hydrate, 498 

— oxychloride, 498 

— peroxide hydrate, 498 

— (Ill) sulfate, 498 

— (IV) sulfate, 499 

— sulfide, 499 

— tetrafluoride, 498 
Cesium chlororhenate, 239 
Chain reactions, 699, 700, 702, 

710, 711 

Chalcanthite, 387 
Chalcocite, 367, 382 
Chalcopyrite. 276, 343. 367 
Chemical atomic weight, 550 
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Chemical compound, dehni- 
tion, 20 

— elements, relative abund¬ 
ance, 644 

— reaction kinetics, 694 
Chemisorption, 681 
Chessylite, 389 
ChJoanthite, 307, 313 
Chlorine heploxide, 207 
Chloroauratc(I) salts, 416 
Chloroauric acid, 418, 419 
Chlorochromates, 157 
Chlorocobaltatc(IJ) salts, 297 
Chlorocuprates, 386 
ChlorofefTate(II) salts, 278 

— (Ill) salts, 282, 283 
Chloromanganate(IIl) salts, 

223 

— (IV) salts, 226 
Chloropentamminecobalt (III) 

chloride, 304 
Chloroplatinates, 350 
Chloroplatinic acid, 350 
Chlororhenate(Ill) salts, 240 
ChJororhenates, 239 
Chlororhenic acid, 239 
Chlorotitanates, 58 
Chromates, 119, 131, 153, 154 

— solubility, 153 
Chromatographic adsorption, 

682 

Chrome alum, 143 

— colors, 130 

— green, J35 

— red, 157 

— yellow, 157 
Chromic acid, 131, 152 

— chloride hexahydrates, 138 
-hydrates, 139 

— sulfate, 143 
Chromite, 125, 126 
Chromites, 136 
Chromium, 119 

— (II) acetate, 134 

— (Ill) acetate, 141 

— alloys, 122 

— ammines, 120, 144—151 

— analytical, 160 

— (II) bromide, 134 

— (II) chloride, 133, 134 

— (Ill) chloride, 137, 138 

— colloidal, 129 

— (Il)complex compounds,134 

— (Ill) complexes, 145 

— compounds, 130 

— (II) compounds, 132, 133 

— (Ill) compoundis, 130, 131, 

> 34 . >35 

— (IV) compounds, 151 

— ( V) compounds, 132 

— (Ill) cyanide, 140 

— (II) double sulfat«, 134 

— electrolytic deposition, 126 

— (II) fluoride, 134 
•— (III) halides, 140 


Chromium, heats of formation 
of oxides. 122 

— histor>-. 126 

— hydroxide. 135 

— (Ill) nitrate, 141 
—occurence, 125 

— organometallic compounds, 
132 

— (Ill) oxalate. 140 

— (II) oxide, 133 

— (Ill) oxide, 131, 135, 136 

— peroxide, 158, 159 

— physical properties, 119 

— plating. 127, 129 

— preparation, 126 

— properties, 127, 128, 129 

— (II) salts, 129 

— (Ill) salts, 129, 132 

— (II) sulfate, 134 

— (Ill) sulfate, [42. t43 

— (II) sulflde, 133 

— (Ill) sulfide, 137 

— (Ill) thiocyanate, 140 

— trioxide, 151, 152, 153 

— univalent, 132 

— uses, 129 

Chromyl chloride, 120, 157, 

158 

— fluoride. 158 
Chrysoberyl, 748 
Cinnabar, 456, 464, 465 
Cis-trans isomerism, 147, 148, 

349 

Closest packing, forms, 25 
Coagulation, 669 
Cobalt, 242, 243, 249, 290 

— (II) acetate, 301 

— alloys, 247 

— ammines, 304, 306 
-principal types, 305 

— (II) ammoniates, 302 

— analytical, 306, 307 

— arsenides, 296 
Cobaltates(IV), 249 
Cobalt, atomic radius, 247 

— atomic volume, 247 

— (II) bromide, 297 

— (II) carbonate, 301 

— carbonyl confounds, 296 
-hydride, 356, 357, 358 

— (11) chloride, 297 

— chloride hydrates, 297 

— compounds, 292, 293 

— crystal structure, 247 

— (II) cyanide, 299 
—> dichloride, 249 

— disulfide, 249, 296 

— double bromides, 298 

— double chlorides, 297 

— double sulfates, 301 

— electronic configurations in 
elementary and complex 
ions, 251 

— (II) fiuoride, 298 

— (Ill) fluoride, 302 


Cobalt glance, 2()0 

— history, 291 

— hydroxide, 249 

— <1I) hydroxide, 293, 294 
Cobalimitriles. 303 
Cobait(II) icxiidc, 298 
C^obaltitci, 292. 294 
Cobalt, melting point, 246 

— mcrcur>^II) thiocyanate, 
477 

— monosulfidc, 249 

— (II) nitrate, 300 

— (II) nitrite. 300 

— nitrosyl compounds, 296 
-halides, 296 

— occurrence, 290 

— (II) orihostlicate, 295 

— (II) oxalate, 301 

— oxide, 249 

— (II) oxide, 293, 294, 295 

— (Ill) oxide, 294 
-hydrate, 293 

— polynuclear complexes, 306 

— preparation, 291 

— properties, 291, 292 

— (II) salts, ammoniates, 301 

— (Ill) salts. 302 

— stability of complexes, 250 

— (II) sulfate, 300 

— (HI) sulfate, 302 
-alums, 303 

— (II) sulfide, 295, 296 

— (II) sulfite, 301 

— (II) thiocyanate, 300 

— uses, 292 

— vitriol, 300, 301 
Cockroft and Walton, acceler¬ 
ator, 565 

Coliargol, 396 
Collision number, 705 
Colloidal graphite, 759 

— platinum, 343 

— solutions, 663 

-osmotic properties, 668 

— — preparation, 664, 665 

— — separation methods, 665 

— substances, surface activity, 

677 

— systems, classifleation, 662, 
663 

Colloids, 661 

— electrical properties, 669, 
670 

— historical, 663 

— rate of coagulation, 672 
Color and preparation, 758 
Columbite, 104 
Complex thiocyanates, 453 
Composite reactions, 697 
Composition of the earth's 

interior, 651 
Compton effect, 520 
Conjugate acid, 721 

— base, 721 
Constantan, 310 
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U(>ncr<)llrcl chain reaction, 622 
(^(Kiprntr, j.j2 
( oordinahon < ompounds, 

355 

Chopper. 3G1, 367 
I) arcialc, 382 
111 j acetate, 388 
alloys, :j73, 375 

inicrrn< (allir phases in, 16 
•aluiTiinuni sysicm, 373 
analytical, 391, 392 
apparent atomic and ionic 
ra<lu, 363 

B< ss< jruT process, 369 
111 broini<l<’, 380, 381 
{Hi hr<Hnide, 386 
I arhonates, 388 

• 11 > rhloriclf. 373, 376, 37<j, 
3 H<>. 3 »i 

'll) chlondf. 376, 380, 385, 
386 

complex bron)idcs, 386 

- cornpotinds, 377 

— il) compciiinds, 379 

- ill) compounds, 384 

— (1) cyanide. 382 

— ill) cyanide, 389 

— double carbonates, 389 
double* iodides, 387 
elecircKleposition. 374 

— electrolytic refining, 371 

• e lectronic configuration, 

— eneTgy levels, 6 

— extraction, autogenous 
smelting process, 369, 370 

-by wet processes, 370 

— (11) lluoride, 385 

— glance, 387, 382 

— •gold alloys, 362, 363 

— hex-ol salts, 390 

— historical. 366, 367 

— hydride, 383, 384 

‘ - hydroxide, 384, 385 

— (I) iodide, 380, 381 

— (II) iodide, 387 

— miscibility and compound 
formatiem, 364, 366 

— native, 367 

— nitrate, 373, 388 

— nitride, 383 

— (II) nitrite, 388 

— occurrence, 367 

— (I) oxalate, 382 

— (II) oxalate, 389 

— (I) oxide, 376. 378, 379.381 

— {II) oxide, 376, 384 

— peroxide, 378 
' physical constants, 362 

— poling, 370 

— preparation, 368 
-conversion of copper 

matte to black copper, 368 
^ — roast reaction process, 

368, 369 


Copper preparation, roast re¬ 
duction method, 368, 369 

-smelting process, 368 

properties, 371, 374, 375 

— refining, 370, 371 

— fl) salts, ammoniaies. 383 

— (I) salts, stability, 378 

— (11) salts, ammoniates, 389, 
390 

— (II) sulfate, 373. 380, 387, 
388 

— (I) sulfide. 378, 382 

— (IIj sulfide. 3<)o, 39« 

— (I) sulfite, 382 

— -tartaric acid complexes, 

378 

— (I) thiocyanate, 382 

— (11) thiocyanate, 389 

— uses, 375. 376 

— vitriol, 377, 387 

— -zinc alloys, 372 
C;o-precipitaied solids, special 

reactivity, 748 
C^oquimbite, 284 
C^orrosion, 755 

— prevention. 756 
C^orrosise sublimate, 466, 467 
Cosmic rays, 561 

Coupled reactions, 718 
Covellite, 367, 390 
Critical size, 602 
Crocoisite, 125 
Crocoile. 156 

Cross section, 583, 586, 587, 

588 

Cirucible steel process, 258 
Crystalloids, 661 
Cupric, see Copper (II) 

Cuprite, 367. 379 
Cuprites, 385 
Cuprous, see Copper (I) 

Curie, 564 

Curium, 611, 615, 635 
Cutting alloys, 53 
Cyanoargentates, 406 
Cyanoaurate(I) salts, 415,417 

— (Ill) salts, 419, 420 
Cyanochromafes(in), 140 
Cyanocobaltatc(II) salts, 299 
Cyano-compounds, 353 
Cyanoferrate (II) salts, 280 

— (HI) salts, 225, 286 
Cyanomanganate(I)salis, 223 

— (II) salts, 222, 223 

— (Ill) salts, 225 
Cyanonickelates, 315 
Cyanoplatinates, 350 
Cyanoplatinum (II) acid, 330 
Cyanozincates, 443 
Cyclotron, 565, 566 


D 


Daguerreotype, 402 
^-Decay, 574 


Decay constants, 514, 315 
Defects of order, 19 
Deformation by working. 18 
De-gassing of solids, 753 
Degenerate, gas, 5 
Desorption, 679 
Deuterium, 553 

— atom, line spectrum, 556 

— chemical properties, 557, 

558 

— compounds, 359 

— historical, 533, 554 

— oxide, 353 

— oxide, exchange reactions, 
558. 559 

— oxide, properties, 557 

— preparation, 554 

— properties, 534, 535 
Deutcronitramide, 557 
Deulerons, 553. 363 
Devarda’s alloy, 376 
Diacidoaquotriamminechro- 

mic (III) compounds, 148 
Diacidodtaquodiammincchro- 
mium (III) compounds, 148 
Diacidotetramminechromium 
(III) compounds, 147 
Diacidotetraquochromium 
(III) compounds, 148 
Dialysis, 665 
Diamidorhenic acid. 240 
Diamidorhenium dioxide, 240 
Diamminemercury(ll) chlo¬ 
ride, 474 
Diamond, 653 

Diaquotetrammincchromium 
(III) compounds, 146 
Oichromates, 119, 131, 153, 

>54 

— solubility, 153 
Dichromic acid, 132 
Didymium, 34 
Diflbrm systems, 689 
Diffusion, 739 

— coefficient, 739, 740, 741 

— coefficients of various sub¬ 
stances, 742 

— rate, 744 

Dihydroxomercury(II)-am- 
monium hydroxide, 475 
Diol-dichromium(III) s^ts, 

>50. * 5 > 

Dioptase, 367 
Diplatinum trisulfide, 347 
Difhenium trioxide, 237 
DisUver fluoride, 399 
Oisintcgratioa constant, 589 
-determination, 514 

— energy, determination, 517 

— products, atomic weights, 

530 

-chemical nature, 529 

— series, 513 

— theory, 529 

-of radioactivity, 525 
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Dispersoid analysis, 667 
Displacement laws, 529 
Dissolution of metals in acids, 

750 

Disulfatoplatinum(IIl) acid, 

. 346 

Diuranates, 191, 201 
Diuranium trisulfidc, 198 
Dizirconyl salts, 68 
Double compounds, mercury 
(II) sulfate, 473 

— decomposition. 730, 731,743 
-reactions, 728 

-lattices, 298, 299, 436 

Dual decay schemes, 578 

— delay processes, 577 
Durrani's salt, 303 
Dusts, 688 
Dysprosium, 500 
Dysprotic substances, 721 
Dysprotidcs, 723 

E 

Eclogite, 653 
Edcr's photometer, 474 
Edison accumulator, 312 
Effusion, 740 
Einsteinium, 616, 635 
Elertrocapillary phenomena, 
685. 686 

Electrochemical potential 
series, 361 
Electrodialysis, 665 
Electrolytes, flocculating power, 
671 

x*Elcclron capture, 575 
Electron distribution in orbi¬ 
tals, 771 

— gas concept, 4 
-theory, 5 

Electronic configurations, iv, v 
Electron shells, iv 
Electrons, assignment of, in 
EIcciroosmosis, 685 
Electrophoresis, 669 
Electro-steel making, 261 
Elements, distribution and 
accessibility, 646, 647 

— extra-terrestrial abundance, 

659 

— mixed, 548 

— pure, 548, 549, 550 

— regularities in abundance, 

649 

Emanating power, 541 
Emanation, 534 

— methods, 541, 542 
Emanations, 523 
Emerald green, 136, 137 
Emprotic substances, 721 
Emproiides, 723 
Emulsions, 686, 687 
Emulsoids, 686 
Energy of activation, 6g8 


Enzymes. 692 
F.rbia. 34 
Erbium. 500 
— earths, 500 

Er^'ihro-chromium salts. 150 
Eucolloids, 662, 66R 
Europium, 500 
Eulccloid. 263 
Euxenile. 493 

Exchange reactions. 541, 564 
Extinction coefficient, 666 
Extraction metallurg>-, 4 

F 

Eajans’ Precipitation Rule. 530 
Fchling’s solution, 377 
Fergusonite, 11 i, 493 
Ferments, 692 
Fermi statistics, 5 
Fermium, 616, 635 
Ferrates, 269 

— (IV). 288 

— (VI), 249. 288 
Ferrate (III) salts, 274, 275 
Ferric, sec Iron (III) 
Ferricyanides, 225, 286 
Ferrite, 263, 265 
Ferrites, 274, 275 
Ferro-chromium, 126 
Ferrocyanidcs, 280 
Ferromagnetism, 211, 262,274 
Ferromolybdenurn, 163 
Ferrotitanium, 51 

Ferrous, sec Iron (II) 
Ferrovanadium, 91 
Fcrrozirconium, 67 
Fertile material, 603 
Pick’s law, 740 
Fire blende, 392 
Fischer’s salt, 303 
Fission, activation energy for, 
599, 600 

— products, 595, 596 
Flocculation, 670, 672 
Flotation process, 161, 162 
Flowers of zinc, 443 
Fluorofcrratc(II)salls, 278 

— (Ill)saiis, 282 
Fluorohydrates, 399 
Fluoroniobates. 109, 110 
Fluoroscandates, 39 
Fluorotantalates. 114, 115 
Fluorotantalic acid, 115 
Fluorolhorates, 83 
Fluorotitanates, 58 
Fluorovanadates(III), 95 

-(IV), 97 

Fluorozirconates, 72 
Foams, 687 
Fogs, 688 

Francium, 536, 593 
Franklinite, 428 
Free radicals, 693. 697 
Fulminating gold, 415 


Fulminating sil\er, 31*0 
Fundamental panic lis. masses 
and charges, ■,(').> 

Fusible white precijiiiat*-, 474 

G 

Ciadcilinite. 34. 493 
Gadoliniiiiii. 500 
Galvanic cell. 432 
Gal\anoplasiics. 3 
GalN’aiu>st«-g\. 3 
(;amma-rays, 304. 312, 513 

— absorption, 513 

— energ>', 520 
Garnieriie, 307. 308, 317 
Gas bubbles, electrostatic 

charging, 687 
Geiger counter. 364 
(^eig<T-.\uttalI relation. 313 
Gels. 674 

Grocheinislr\-, 643. 634, 635, 
636 

Gerhardtite, 38B, 390 
German silver, 376 
Gersdorffite. 307, 313 
Grtiering, 53 
Gibbs adsorption law, 683 
Glas.s-inakcr’s soap, 210, 212 
Glyceryl manganites, 226 
Goclhitc, 273, 274 
Gold, 361, 409 

— analytical, 421. 422 

— apparent atomic and ionic" 
radii, 363 

— (I) bromide. 416 

— (Ill) bromide, 419 

— carbonyl chloride, 416 

— chloride. 419 

— (I) chloritle. 415, 416 

— (Ill) chloride, 415. 418, 

421 

— compounds of, 415 

— (1) compounds. 416 

— (HI) compounds, 418 

— (I) cyanide, 417 

— (Ill) cyanide, 419 

— electrolytic refining, 410 

— electronic configuration, 

361, 362 

— extraction, 409. 410 
-cyanide leaching, 410 

— historical, 366, 367 

— hydride, 363, 411 

— hydrosols, 413 

— (Ill) hydroxide, 412, 413, 
416, 418. 420 

— (I) iodide, 417 

— (HI) iodide, 419 

— miscibility and compound 
formation, 364, 366 

— number, 677 

— occurrence, 409 

— organometallic compourKls, 
363, 420, 421 
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1 Milfulr, 415). 418 
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(iraharn's law, 740 
(»r<iphiie\ 263 

compounds, 758 
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(frrcn<Kkitc, 445, 451 
(irry tin, 2 

Giiignet's green. 136,137 
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Hal)er process, igo 
Hafnium, 44, 76, 77, 78, 79 

— atomic structure, 46 

— compounds, crystal stme- 
lure, 46 

— crystal structure. 47 

— dioxide, 45 

— hydride, 45 
Half-lives, 514 

— determination of, 515 
Halogenovanadates, 103 
Hard metals, 53 
Hardy-Schulz rule, 670 
Harkins’ rule, 592, 649, 650 
Hausmanniie, 208, 213 
Heating curve, 743 

Heat of reaction, 707 
Heat resistant stceb, 268 
Heavy hydrogen, 553 

— sulfuric acid, 559 

— water. 553, 554, 556 

-preparation, 554 

Hcdenbergite, 280 
Hedvall effect, 748 
Hematite, 210, 252, 272, 273 
Henry’s law, 680 
Heterogeneous catalysis, 691, 

711, 712 

Heteropolyacids, 101,120,177, 
180, 182, 183, ^85 
Heusler’s alloys, 211 
Hexabromide, 175 
Hexachloroplatinates(IV}, 

348 

Hexachloroplatinic acid, 351 
Hexachlorozirconatcs, 71 
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Hexacidoiridates, 337 
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281 

Hexafluoride, 175 
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348 
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pounds, 146 
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Hexanitronickelalrs, 315 
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pounds, 146 
High speed steels, 173 
Holmium, 500 
Homogeneity range, 15 
Homogeneous catalysis, 710 
Horn silver, 392, 400 
Hot atom reactions, 585 
Hume-Rothery compounds, 21 

— Rule, 21, 22 
Hydrate isomerism, 139 
Hydrocadmates, 450 
Hydroferrocyanic acid, 280, 

281 

Hydrogels, 663 
flydrogen, 645 

— fluoride, liquid, 731, 732 

— sulflde, liquid, 732, 733 
Hydrohematiic, 273 
Hydrophilic colloids, 673 
Hydrophobic colloids, 673 
Hydrosol, 663 
Hydrosphere, 643 
Hydroxochromate(IlI) ions, 

136 

Hydroxo chromites, 131 
Hydroxocuprates(II), 385 
Hydroxoferrites, 274 
Hydroxozincates, 435 
Hydrozincite, 443 
Hypersihene, 280 
Hypofiiirites, 729 
Hyporhenates, 237 
Hypovanadates, 93, g8 
Hysteresis, 266 
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Ideal distillation, 547 
Ilmenite, 50, 6t 
Imbibition, 684 
Indifferent solvents, 719, 720 
Indium, 538 

Induced radioactivity, 523 

— reactions, 717, 718 
Inert gas shell, 111 

Infusible white precipitate, 474 
Inner adsorption, 531, 541 

— complex salts, 317, 318 

— shells, V 
Insulator, g 
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Internal conversion, 585 
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Interstitial mixed crystals, 11,12 
Invar steel, 268 
lonically dissociating solvents, 
properties, 734 
Ions, coloured, n 
Iridammines. 337 
Iridales, 333 

Iridium, 242, 243, 319, 330, 
334 

— alloys, 247 

— alums, 337 

— atomic radius, 247 

— atomic volume, 247 

— carbonyl halides, 337 

— carbonyl hydride, 337 

— carbonyls, 337 

— chemical behavior, 334, 333 

— crystal structure, 247 

— dichloride, 336 

— dioxide, 335 

— disulfide, 336 

— hexafluoride, 336 

— melting point, 246 

— monochloride, 336 

— physical properties, 334 

— selenides, 336 

— sulfides, 336 

— sesquioxide, 335, 336 

— tellurides, 336 

— tetrachloride, 336 

— tetrafluoride, 336 

— trichloride, 336 

— uses, 321 

Iron, 242, 243, 249, 252, 651 

— alloys, 247 

— alum, 269 

— alums, 285 

— analytical, 290 

— atomic radius, 247 

— atomic volume, 247 

— basic sulfates, 285 

— (II) bromide, 278 

— (HI) bromide, 283 
-carbon alloys, 263, 264 

— (II) carbonate, 279, aSo 

— carbonyl hydride, 356, 357 

— carbonyls, 289 

— charco^ hearth refining, 

256. 257 

— -chromium system, 266 

— (II) chloride, 278 

— (HI) chloride, 281, 282 

— compounds, 269, 270 

— crystal structure, 247 

— Curie point, 262 

— dichloride, 249 

— dinitrosyl iodide, 290 

— (H) disulfide, 249, 275, 276 

— (II) dithionate, 278 


Iron double sulfides, 277 

— electronic configurations 
elementary and complex 
ions, 251 

— (II) fluoride, 278 

— (Ill) fluoride, 281, 282 

— history, 253 

— (II) hydroxide, 249, 272 

— hydroxides, 270 

— (II) iodide, 278 

— (Ill) iodide, 283 

— malleablizing. 261 
-manganese, 266 

— melting point, 246 

— mctasilicate, 256 

— mica, 272 

— mixed carbonyls, 357 

— monosulfide, 249 
-nickel sy-slem, 266 

— (II) nitrate, 278 

— (Ill) nitrate, 284 

— (Ill) nitrate, hydrolysis, 
284 

— occurrence. 252 

— (II) oxalate, 280 

— (HI) oxalate, 285 

— (II) oxide, 249, 271,272 

— (II, III) oxide, 275 

— (Ill) oxide, 272 

— (Ill) oxide hydrate, 273, 
274, 283 

— oxides, 270 

— oxychloride, 283 

— passivation, 263 

— pentacarbonyl, 270 

— (II) perchlorate, 279 

— (Ill) perchlorate, 283 

— (Ill) perchlorate, hydro¬ 
lysis, 283, 284 

— (Ill) peroxide, 271 

— (II) phosphate, 280 

— (Ill) phosphate, 285 

— phosphatizing, 262 

— preparation, 254 

— production, 253 • 

— pure, properties, 262, 263 

— reverberatory furnace re¬ 
fining (puddling), 257 

— (II) salts, 277 

— (Ill) salts, 281 

— series, 243, 249 

— sesquisulfide, 276 

— (II) silicates, 280 

— (Ill) silicate. 285 

-silicon alloys, 265, 269 

— smelting, 254 

— stability of complexes, 250 

— (II) sulfate, 279 

— (Ill) sulfate, 284 

— (II) sulfide, 275, 276 

— sulfite, 278 

— technical, 263 
-varieties, 267 

— tctracarbonyl, 355 
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— (Ill thiocyanate, 278 

— (Ill) thiocyanate. 286 

— (II) thiosulfate. 278 

— vitriol, 269 
Isobaric elements. 530 
Isobars, 563 
Isodispersc systems, 664 
Isoelectric point, C74 
Isomeric nuclei, radioactive 

changes, 581 

— transition, 534. 579, 585 
Isopolyacids, 183, 184, i8j 
Isotope separation, electro¬ 
lytic, 548 

-by partition processes, 

548 

-by thermal diffusion, 

547 > 548 

-diffusion process, 547 7 

-distillation process, 54 

Isotopes, 563 

— applications, 553 

— separation, 546 
Isotopy, 530. 543 

— and band spectra. 545 

— detection, 543 
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Jellies. 674, 675 

— structure, 675, 676 
jungner accumulators, 448 
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Kappa-electron capture, 575 
Klockmannite, 371 
Konantc, 317 
Kroll process, 3, 51 
Kunzite, 506 
Kupfemickel, 307 
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Lambert’s law, 666 
Langitc, 390 
Langmuir isotherm, 680 
Lanthanide(III) compounds, 
heats of formation, 488 
Lanthanide contraction, vii, 
482 

— elements, crystal structure, 
487 

— hydroxides, basicity, 482 

— metals, properties, 485, 486 

— series, i, iv, v, vi, 478 
Lanthanides, absorption spec* 

tra, 484 

— alloys, 488 

— atomic volumes, 487 

— chromatographic purifica¬ 
tion, 495 

— double salts, 485 

— history, 490, 491 
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— oxides. 4H3 

— pcritxllcit>’ of properties, 

49 -?^ 493 

— salts, 4O5 

— valence, 479, 480, 481 
Lanthanitc, 41 
Lanthanum, 30, 31, 538 

— acetates, 41 

— alloys. 33 

— analytical, 41,42 

— carbonate, 41 

— chloride, 31 

— compounds, 36, 37 

— crystal structure, 33 

— halides, 39 

— heats of formation of com¬ 
pounds, 32 

— hydride, 36 

— hydroxide, 38 

— ionization energies, 32 

— mischmctall, 35, 36 

— nitrate, 40 

— occurrence, 34 

— oxalate, 41 

— oxide, 37. 38 

— peroxy compounds, 38 

— preparation and properties, 

35.38 

— sulfate, 37, 40 
Lattice defects, 19, 2U 

— energy, 480 

— imperfections, 18 
Lauriie, 323 
Laves-phases, 24, 25 
Lead, 646 

— chromate, 156 

— dichromale, 156 
Leclanche cells, 432 
Ledeburite, 263, 265 
Lepidocrocite, 273 
Lewis’ theory of acids and 

bases, 735, 736, 737 
Limonite, 252, 273, 274 
Linnaeitc, 296 
Lipowitz’s metal, 447 
Liquid ammonia, 728, 729, 
730. 731 

— hydrogen fluoride, 731, 
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-sulfide, 732, 733 

— sulfur dioxide, 733 
Lithopone, 434, 439 
Lithosphere, 643 
Local couples, 750 
Lodestone, 275 
Luminescence, 506 
Luteocobaltic chloride, 304 
Luteo-salts, 146 
Lutetium, 500, 501, 538 
Lyophilic colloids, 673, 674, 
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Lyophobic colloids, 673, 674, 
677 
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ture, 470 
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— compounds, 4G0 
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— history, 456 
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— (II) nitrate. 461, 472 

— (I) nitrite, 472 

— (II) nitrite, 472 

— occurrence, 456 

— (II) oxalate, 474 

— (I) oxide, 464 
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— oxycyanide, 471 
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— physical constants, 424 
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— poisoning, 457, 458 
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Is, constiiucion 
and properties, 334. 355 
-formation and prepara¬ 
tion 358 

- mixed,357 
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-historical, 354 
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Metallic luster, j 

— Slate, theory of, 4 

Metal nitrosyl carbonyls, 358 

— nitrosyls, 358 
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-iodide, 476 
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— nuclei, 580, 581, 582 
Mischmetall, 485, 486 
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-resistance limits, 14 

— elements, 548 
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Mohr’s salt, 279 
Molecular dispersion, 692 

— silver, 400, 401, 408 
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Molybdenum, 119, 161 
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— alloys, 122 

— analytical, 171 

— blue, 169 

— colloidal, 162 

— compounds, 164 

— dichioride, 164 
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— occurrence, 161 
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— pentachloride, 164 

— physical properties, 119 

— preparation. 161. 162 

— properties, 162, 163 
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— trichloride, 164 
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— trisulfide, 165 

— uses, 163 
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Monazite, 79, 493 
Monel metal, 376 
Monomoiccular surface layers, 
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Montroydite, 464 
Morenosite, 316 
Mossite, 107 
Multiple catalysb, 714 
Multiplicity, 771 - 
Muntz metal, 375, 376 

N 

Nagyagite, 409 
Native copper, 367 

— zinc vitriol, 442 
Negative catalysis, 714 

— secondary radiation, 517 
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— compounds, 497 
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— compounds, 618 
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— decay series, 538, 637 

— metal, 617 

— separation, 619 
Nemst’s distribution law, 680 
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— analytical, 319 
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— antimonides, 313 
Nickelatcs(IV), 249 
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— bromide, 314 

— carbonate, 316 


Nickel carbons l. 314 
-hydride, 337 
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— cr>stai structure, 247 
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-carbonates, 316 

-sulfides, 313 

— electronic configurations in 
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— history, 307 

— (II) hydroxide, 249, 311 
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— occurrence, 307 
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— (II) oxide, 249, 311 
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— preparation, 308 

— properties, 308, 309 

— silicate, 317 
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— structure, 309 

— sulfate, 316 

— (II) sulfide, 312, 313 
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— vitriol, 316 
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Nucleus, energy of formacton, 
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— structure, 566 
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Olivine, 280 
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Orthovanadates, 101 
Osmates, 330 
Osmiamic acid, 330 
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— tclluridc, cell dimensions, 

325 

— tetrachloride, 329 

— tctrafiuoride, 329 

— tetroxide, 327, 328, 329 

— trichloride, 329 

— uses, 322 

Osmyl compounds, 330 
Ostwald's adsorption isotherm, 
680 

Otavite, 445 
Oxalaiochromates, 140 
Oxalatocobaltate(Il) salts, 

301 

— (Ill) salts, 303 
Ox^atorerTate(lI) salts, 260 

— (Ill) salts, 265 
Oxalatomanganate(III) salts, 

225 

Oxalatoniobates, 108 
Oxalatothorates, 84 
Oxalatouranate(IV) salts, 

204 

Oxalatovanadates(III), 95 

— (IV), 98 

— (V), 103 
Oxalatozirconates, 73 
Oxide hydrates, 676 

— skin, 752 

Oxobromoniobates, 109 
Oxochloroniobates, log 
Oxocuprate(in) salts, 379 
OxoRuorovanadatcs(IV), 97 
Oxopentachlororhenate (V) 
salts. 239 

Oxo3ulfatovanadates(IV), 97 
Oxothiotungstates, 175 
Oxovanadates(IV), 93 
Oxyfluoromolybdate(VI) salts, 

•65 

Oxygen, 645 


P 

Packfong. 309 

Packing fractions, 567, 568, 

569. 570. 572 

Pair producijon, 367 
Palladium. 242, 243, 246, 319, 

337 . 647 

— alloys, 247 

— amrnincs, 342 

— atomic radius, 247 
-volume, 247 

chemical behavior, 339, 340 

— (II) chloride, 341, 342 

— colloidal, 339 

— complex salts, 342 

— crystal structure,247,338.339 

— dioxide, 340, 341 

— disulfide, 341 

— electrical conductivity, 338 

— melting point, 246 

— monosolfide, 341 

— monoxide, 339, 340 

— nitrate, 341 

— (11) oxide hydrate, 341 

— physical properties, 338, 339 

— sponge, 339 

— sulfate, 341 

— trifluoride, 340 

— uses, 321 

Paneth^s Adsorption Rule, 530 
Para-deuterium, 555 
Paramagnetism, 11 
Paratungstates, 176, 177 
Partial reactions, 697 
a-Particle, 563 

— charge on, 510 

— energy, 518, 519 

— nature, 511 

— range, 509, 510 

— spectrum, 520 
^-Particle, energy, 521 

— ionizing power, 511 

— maximum energy, 511 

— spectrum, 521 
Parting, 410 
Passivation, 751 

Passivity, 128, 129, 750, 751, 

752 

Patronite, 90 

Pearlite, 263, 265, 266, 269 
Penetration complexes, 144 
PeQtacidoaquochromate(IlI) 
salts, 150 

Pentatant^ic acid, 113 
Pentlanditc, 307, 308, 313, 343 
Peptization, 664, 669, 672 
Perchloric acid, 207 
Periodic System, 1 

-Main Groups, 1, u 

-Sub Groups, I, II 

Peritectic transformation, 15 
Permanent violet, 225 
Permanganates, 228 
Permanganic acid, 207, 217 


Peroxychromatcs, 158, 159, 

160 

Pcroxymolybdatcs, i6g, 170 
Pcroxymolybdic acid, 169, 170 
Perox^Tiiobatcs, 108 
Peroxyniobic acid, 108 
Prroxysulfates, 218 
Pcroxytantalatcs, 113 
Pcroxytantalic acid, 113, 114 
Pcroxytilanatcs, 62 
Pcroxytitanic acid, 62 
Peroxytungstates, 179, 180 
Poroxytungstic acid, >79 
PtToxyuranates, 191, 201 
Pcrox>’vanadates, 93 
Pcroxyzirconatcs, 70, 71 
Pcroxyzirconic acid, 70 
Perowskite, 50, 61 
Perrhenates, 237 
Perrhenic acid, 235, 237 
Pcrruthenates, 326, 327 
Prrtechnctic acid, 232 
Pcyronc’s chloride, 349 
Pharaoh’s serpents, 472 
Philosophers’ wool, 436 
Phosphinidcs, 729 
Phosphor-bronzes, 375 
Phosphorescence, 506 
Photochemical processes, 700, 
702 

— reactions, 698, 699 
Phoioeffect, 520 
Photoelectric effect, 4 
Photography, 402, 403 
Photons, 562- 

Physical atomic weight, 550 
Pig iron, 254, 256, 267 
Pink basic cobalt chloride, 299 
Pitchblende, 186, 187, 503 
Pitticite, 273 

Place-exchange processes, 744 
Placer deposits, 320 
Plastic masses, 676 
Platinum, 242, 243, 246, 319, 
337 . 342. 647 

— acido-compounds, 345 

— alloys, 247 

— ammines, 348 

— apparatus, treatment, 344, 

345 

— atomic radius, 247 
-volume, 247 

— black, 343 

— bromides, 348 

— chemical behavior, 344 

— colloidal, 344 

— coordination compounds, 

348. 349 

— crystal structure, 247 

— dichloride, 347 

— dioxide, 346 

— diselenide, 347 

— disulfide, 346, 347 

— ditelluride, 347 

— iodides, 348 
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Platinum, melting point, 246 

— metals. 242, 243. 319 

-analytical, 351 

-lastory, 320 

-occurrence, 320 

-preparation, 320, 321 

-uses, 321 

— monochloride, 34/ 

— monosulfidc, 346 ‘ * •‘ 

— monoxide, 346 

— occurrence, 343 

— (VI) oxide, 346 

— physical properties, 343, 344 

— sesquioxjde, 346 . 

— sponge, 343, 344 

— tetrachloride, 347, 348 

— tetrafluoride, 344 

— trichloride, 347 
Pleiad, 539, 540 
Plcochroic halo, 507 
Plutonium, 607, 611, 6i2, 614, 

6t6, 6ig 

— (IV’) chloride, 632 

— compounds, 629 

— dioxide, 630 

— extraction of pure, 628 

— (Ill) hydroxide, 629 

— (IV) hydroxide, 630 

— ions, oxidation-reduction 
potentials, 620 

— oxybromide, 631 

— oxychloride, 631 

— peroxide, 630 

— production, 622 

— (Ill) salts, 632 

— (IV) salts, 632 

— sulfides, 630 

— tetrachloride, 631 

— tetrafluoride, 630, 631 

— toxicity, 628 

— tribromide, 631 

— trichloride, 631 

— triHuoride, 630 

— trihalides, thermal proper¬ 
ties, 632 

Plutonyl salts, 632, 633 
Polonium, 503, 538 
Polyacids, 120 
Polycrase, 104 
Polydisperse systems, 664 
Polydymite, 313 
Polymolybdates, 168 
Polynuclear chromium am¬ 
mines, 150 

Polyihiomolybdates, 165 
Polyvanadates, 101 
Polyvanadic acids, too 
Positive secondary radiation, 

5'7 

Positron emission, 575 
Positrons, 504, 561 
Potassium, 538 

— bromochromatc, 157 

— chloroplatinite, 347 

— chlororhenate, 239 


79 .) 

Pt.tassiuin cltroniatc. t55. 156 

— dibronioaviratc (1). 4iG 

— dichroinaic. 15G 

— dicyani>auratc(I), 417 

— ferrate, 28B 

— Huororhrnmate, 157 

— fluorocobaltate(l II), 302 

— hexathloropalladate{lV), 
34 -^ 

— hcxacyannfcrrate(Il), 281 

— hexacyanovanadate(l 11), 

95 

— hcxanuororhrnatc(IV), 239 

— iodochromate, >57 

— manganate(VI), 227 

— metatungslate, 182 

— osmaic, 330 

— permanganate, 212, 228, 
229, 230 

-as oxidant, 229 

— peroxychromatc, 160 

— perrhenate, 238 

— lctraiodomercuratc(II), 470 

— tungstosilicatc, 182 
Potential barriers, 700, 701 
Powder metallurgical process, 

2 

Praseodymium compounds, 
497 

— double oxide, 498 
Precipitation hardening, 27 

— rule, 531 

Prevention of corrosion, 756 
Promethium, 593 
Promotors, 715 
Protactinium, 87, 116, 117, 

118, 536 

— compounds, 118 

— preparation, 117 
Protargol, 396 
Protective colloids, 677 
Protogcnic substances, 723 
Protons, 553. 563, 566 

— affinity, 724 

— exchange, 721 

— exchange reactions, 721 

— transfer reaction, 722 
Protophilic substances, 723 
Proustite, 392 

Prussian blue, 287, 471 
Prusside compounds, 287, 288 
Pseudo-component, 752 
Pseudo-nickel carbonyls, 357, 

358 

Puddling, 257 

Pure coordination compounds, 
355 

— elements, 548, 549, 550 
Purple of Cassius, 421 
Purpureo compounds, 147 
Purpurcocobaltic chloride, 304 
Pyrargyrite, 392 

P^itc, 253, 276, 277 
Pyrochlore, 104 
Pyrochroite, 214 
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Pvrolusitc. 208, 210 . 213, 215 
Ps ronu^bairs, ro7 
P\rrhdtjtr. 2^(k 343 

Q 

<^uartati<>n. 410 
(^uasi-niciallic compounds, 2 

— — slrucuirrs, 26 
(^u<nchin^, 16 
^^uenslcdtite, 284 

R 

Ruclimion protection, 603, 604, 
803 

— tolerance dose, 604, 605 
Radioartmium, 536 
Radioactive elements, 538 

etiuilibrium, 516, 526 
materials, characteristic 
prcjperiies, 504 

— inethotls. applications in 
chi tnistry, 540 

— radiations, chemical effects, 
507, 308 

-coloration produced by, 

507 

— — general properties, 503 

• photographic efiTects, 506 
- physiological effects, 508 
• tracers, 341 

— transformations, 575 
Radioactivity, 502 

— discovery, 502 

— disintegration theory, 513 
Radiochemical age determina* 

tions, 658 

Radioelements, chemistry, 539 
-- distribution, 656 
Radioihorium, 526, 527 
Radium, 503 

— emanation, 534, 540 
Radon, 534 
Rammelsbergitc, 313 
Raney catalysts, 716 
Rare earths, vi, 31,478 
-analytical, 301 

-classification, 491, 492, 

493 

-compounds, 496 

-preparation and uses, 

494 

-relative abundances, 650 

-sesquioxidcs, 483 

504 

/f-Rays, 504 
iS-Ray spectrum, 522 
7-Rays, 504, 513 

— absorption, 513 

— energy', 520 ^ 

Reaction kinetics, 691, 693 

— mechanism, 695 

— - mechanisms, 693 

— order, interpretation, 695 


Reaction rates, 693 

— velocity, 694, 698 
Reactions between solids, 743 

— in melts, 735 

— in non-aqueous solutions, 
7«9 

— rnolecularity, 697 

— of solid substances, 738 

— of solids with dissolved sub¬ 
stances, 749, 750, 751 

— of solids w'ilh gases, 753 

— of solids with liquids, 748 

— order, 694, 695 
Recoil rays, 316 
Red manganese oxide, 213 
Red precipitate, 464 
Reef gold, 409 
Refining, 4 

Reiset's chlorides, 348, 349 
Respirator filters, 689 
Resting potential, 75a 
Rhenates, 237 
Rhenites, 237, 238 
Rhenium, 206, 233 

— analytical, 241 

— carbon monoxide com¬ 
pounds, 240 

— carbonyl halides, 241 

— chlorides, 239 

— chloropcntacarbonyl, 241 

— compounds, 236 

— dioxide, 237 

— disulfide, 238, 239 

— fluorides, 239 

— heats of formation of com* 
pounds, 207 

— heptasulfide, 238 

— heptoxide, 236, 237, 240 

— hexafluoride, 239 

— history, 233, 234 

— occurence, 233 

— oxides, 236 

— oxychlorides, 240 

— oxy-$alts, 237, 238 

— oxytctrachJoride, 240 

— pentacarbonyl, 240 

— pentachloridc, 239 

— preparation, 235 

— properties, 235 

— sesquioxide, 237 

— sulfur compounds, 238 

— letrafluoride, 239 

— trichloride, 239, 240 

— trioxide, 237 

— trioxychloridc, 240 


Rhodium, chemical behavior, 
331 

— chloride, 333 

— crystal structure, 247 

— dimethylglyoxime com- 
pounds, 333 

— dioxide, 332 

— iodide, 333 

— melting point, 246 

— pcntasulfide, 332 

— physical properties, 331 

— sclenale, 333 

— sesquioxide, 332 

— sulfate, 331.333 

— trifluoride, 332 

— uses, 322 

Rhodochromium saJts, 150 
Rhodonite, 223 

Rhodoso-chromium salts, 150, 

Rinmann's green, 437, 444 

-reaction, 295 

Rontgen, 604 
Rbttisiie, 317 

Roseocobaliic chloride, 304 
Roseo-salts, 146 
Rotational energy, 545, 703 
Rotation-vibration spectra, 545 
Roussin's salts, 270, 289 
Rubidium, 538 
Rusting of iron, 755 
Ruthenates, 324, 327 
Ruthenium, 242,246, 319, 

322, 323. 647 

— alloys, 247 

— ammines, 326 

— atomic radius, 247 
-volume, 247 

— chemical behavior, 323 

— coordination compounds, 

325 

— crystal structure, 247 

— dioxide, 323, 324 

— disulfide, 324, 325 

— (II) hydroxide, 324 

— (Ill) hydroxide, 324 

— hydroxytrichloride, 325 

— melting point, 246 

— nitrosyl, 327 

— pentacarbonyl, 327 

— pentafluoride, 325 

— physical properties, 323 

— red, 322, 326 

— selenide, cell dimensions, 

325 


— uses, 235 
Rhodammines, 333 
Rhodium, 242, 243, 319, 330, 

33 *. 647 

— alloys, 247 

— alums, 333 

— atomic radius, 247 
-volume, 247 

— black, 331 

— bromide, 3*53 


— sulfide, cell dimensions, 325 

— telJuride, cell dimensions, 

325 


— tetrachloride, 325 

— tetroxide, 323, 324, 327 

— trichloride, 325 

— trifluoride, 325 

— triiodide, 327 

— uses, 322 
RuiUe, 50, 59 
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S 

Saffloritc, 296 
Sail isomerism, 306 
Salt-substitu(ion compounds, 

139. 

Samarium, 538 

— compounds, 497 
Samarskite, iii, 493 
Sargent curves, 516 
Scandium, 30, 31 

— acetates, 41 

— analytical, 41, 42 
—^ carbonate, 41 

— compounds, 36, 37 

— crystal structure, 33 

— halides, 39 

— heats of formation of com¬ 
pounds, 32 

— hydroxide, 38 

— ionization energies, 32 

— nitrate, 40 

— occurrence, 33, 34 

— oxalate, 41 

— oxide, 37, 38 

— preparation and properties, 
35 . 36 

•— sulfate, 40 
Scheelitc, 172, 179 
Schweinfurt green, 390 
Schweizer’s reagent, 385 
Scintillation counting, 506 
Sea water, composition, 643 
Secondary acids, 737 

— radiations, 516 

— rays, 521 
Seignette salt, 377 
Selective adsorption, 682 
Semi-conductors, 8, g 

-metals, i, 8 

Siccatives, 218 
Sidcritc, 210, 252 
Sidot’s blende, 439 
Siemens-Martin process, 253, 

254, 260, 261 
Silicon, 645 

— bronze, 375 

— steels, 268 
Silver, 361, 392 

— acetate, 405 

— acid sulfates, 404 

— amalgams, 394 

— analytical, 408, 409 

— (Ill) anionic complexes, 

408 

— antimony glance, 392 

— apparent atomic and ionic 
radii, 363 

— azide, 399 

— bromide, 400, 401 

— carbonate, 405 

— cbloride, 400 

— chromate, 408 

— complex ions, 397 

— (I) compounds, 397 


Silver (II) compounds, 407 

— (Ill) compounds, 408 

— cyanide. 400. 405, 406 

— difluoride, 408 

— double sulfides, 407 

— electronic configuration, 
361, 362 

— electroplating, 406 

— fluoride, 399 

— fulminate, 399 

— halides, 399 

-use in photography, 402, 

403 

— historical, 366, 367 

— hydroxide, 398 

— iodide, 400, 401, 402 

— mirrors, 404 

— miscibility and compound 
formation, 364. 366 

— nitrate, 403, 404 

— nitrite, 404 

— occurrence, 392 

— oxalate, 405 

— (I) oxide, 397, 398, 399 

— (II) oxide. 395 

— (I)oxide, heat of formation, 

398 

— (I) oxide, solubility, 398 

— paracyanide, 406 

— perchlorate, 397 

— pcroxysulfatc, 407 

— phosphates. 406 

— physical constants, 362 

— polynuclear complex ions, 
406 

— preparation, 392 

-Augustin process, 393 

-cyanide leaching, 393 

-Parkes process, 392, 393 

— — Pattinson process, 392, 
393 

— properties, 394, 395, 396 

— purification, 394 

— sulfate, 404, 405 

— sulfide, 407 

— sulfite, 405 

— thiocyanate, 400, 406 

— thiosulfate, 405 

— uses, 396 

Simple layer lattice, 299, 314 
Sintering, 743, 744 

— process, 254 
Skutterudite, 296 
Smalt, 292 
Smaltitc, 290, 296 
Smokes, 688 
Sodium chromate, 155 

— dichromatc, 155 

— dithiosulfatoaurate(I), 417 

— diuranate, 201 

— ferrite, 274 

— metatungstate, 178 

— nitroprussidc, 287 

— tungstate, 178 
Soft iron, 268 


Solid-phase reactions, 738 

— solutions, 11 

Sols, optical properties, 666 
Solvation, 720, 725 
Solvolysis, 719, 727, 733 
Sorption. 679 

— of gases. 681 
Spallation, 582 
Special steels, 268 
Specific surface, 692, 758 
Speisses. 368 
Sperrylite, 320, 342, 343 
Sphalerite, 438 

Spinel, 136. 275 
Spinthariscope, 506 
Spontaneous fission, 600, 

606 

— nuclear fission, half-lives, 
600 

Square root law, 754 
Stable mixed elements, com¬ 
position, 551 
Stainicriie, 293 
Stainless steels, 268 
Steel, 268 

— tempering, 268 
Steels, self-hardening, 269 

— special, 268 

— stainless, 268 

— sulfur, 276 
Stellite, 292 
Stereoisomerism, 147 
Stibiopalladinite, 338 
Stolzitc, 172 
Stratosphere, 645 
Streaming anisotropy, 668 

— potential, 685 
Strontium, electronic configu¬ 
ration, 425 

Sub-group elements, vi 
Substitutional mixed crystals, 
11,12 

Sulfatoaurate(lII) salts, 420 
Sulfatocerate(lV) salts, 499 
Sulfatochromium(III) acids, 
>43 

Sulfatochromium(lII) salts, 

142 

Sulfatomanganate(IIl) salts, 
224 

Sulfatothorates, 84 
Sulfatotitanates, 58 
Sulfatovanadates(lII), 95 
Sulfatovanadic(lII) acid, 93 
Sulfatozirconatcs, 73 
Sulfatozirconic acids, 72 
Sulfitoauratc(I) salts, 417 
Sulfitocobaltatc(II) salts, 

301 

Sulfitomercurates(II), 473 
Sulfito system, 727 
Sulfitovanadates, 97 
Sulfur dioxide, liquid, 733 
— steels, 276 
Superconductivity, 9, 10 
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nitrul<', I if) 
occurrence. 1 to, 1 1 1 
[>i*ma< hlonde, 114. 115 
[xniatluoriflf, 1 14 
jirntoxulc. 112. M3 
pri{)Hrauon, i 1 1 
propcrlics, 1 11 
suHides, 90 
uses, I 12 

IcMlmctiuin. 206. 231, 593 
(Inimical properties, 232 

— hcpiiisulfidr, 232 

— history, 23 c 
occurrence, 231 

— preparation, 231, 232 
IVllurium, foliated, 409 
IVnoritc, 384 

rcphroiie, 223 
Serbia, 34 
Terbium, 500 

— earths, 500 
'Term symbols, 771 
I'etrabromoauratesCI 11 ), 419 

I'etrachloroaurate ioru, 411 
'I>irachlorogold(ni) acid, 418 
'retrachloropailadate(ll) salts, 

342 

retrachromatc ion, 152 
Tetrachromates, I20, 153 
rciracidodiamminechromate 
(III) salts, 149 

retracidodiaquochromate{III) 
salts, 149 
Tetrahcdrite, 367 
Tciraiodoauratcs(Iil), 419 
Feiramcthyl platinum, 345 
IVlranitratogold(III) acid, 

420 

retraquodiamminechromium 
(ill) compounds, 146 
Teiravanadatcs, 101 
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I'etravanadic acid. 100 
rhrnard's blue reaction, 295 
4 hennal activauon, 702 
I iK'rmali^aiion, 623 
I h< rmionic effect, 4 
f hcrmocoupics, 236 
I hernxK'lernents, 322 
! lH*rinfUUirlear reactions, 602 
1 liermosfopes. 471 
rhioauraies, 418 
1 hiocbr<»rnitcs, 137 
'rhi()cyanaic>aurate(III) salts, 
421> 

1 hM>cyanatc>clirornaics{III), 
140 

1 hiocyanaiocobaltaie(I I) 
salts, 300 

ThIOCNanalofrrrates, 286 
4 hiocyanatomangana(e(n) 
salts, 223 

I hiocsanatonickelatcs, 313 
1 hioevanatox anadate$(l 11)i 

95 

4 hioc yanatovanadatcs{IV'), 98 
4 hiomolybdaies, 165 
4 hioperrhenates, 238 
Thiosulfatoargentalcs, 405 
ThiosuIfait>aufatc(I) salts, 417 
Thiotungstates, 175 
Thiovanadaies, 93, 103 

— (IV). 98 

I'hixotropy, 675 
4 horia, 8t 
I'horianite, 187 
'Thorite, 79 
Thorium, 44 

— A, 527 

— acetate, 84 

— alloys, 47 

— analytical, 85 

— atomic structure, 46 

— B, 524 

— bromide, 83 

— C, 524, 527 

-spectrum of a-particies, 

520 

— carbide, 85 

— chloride, 83 

— compounds, 81 

— compounds, crystal struc* 
ture, 46 

-preparation, 81 

— crystal structure, 47 

— dioxide, 45, 6g 

— disintegration scries, 523, 

524* 525 

-(table), 528 

— emanation, 523 

— fluoride, 83 

— history, 79 

— hydride, 45 

— hydroxide, 82 

— iodide, 83 

— lead, 527, 535 

— nitrate, 84 


4 liorium nitride, 85 

— occurrence, 79 

— oxalate. 84 

— oxide, 80, 82 

— oxide peroxyhydralc, 83 

— oxide, 81 

— phosphate, 85 

— preparation, 79 

— properties, 80 

— silicate, 85 

— silicidc, 85 

— sulfate, 84 

— uses, 80 
'Thulium, 500 
44 n, 646 
Titanates, 60, 61 
4 ‘itanic acid, 60 
Titanitc, 61 

1 iianium, 44, 45, 645, 646 

— alloys, 47, 53 

— alums, 56 

— analytical, 63, 64 

— applications, 52 

— atomic structure, 46 

— borides, 63 

— carbide, 63 

— carbonitrides, 63 

— (HI) chloride, 55, 56 

— compounds, 53, 54 
~ (II) compounds, 54 

— (Ill) compounds, 55 

— (IV) compounds, 57 

— compounds, crystal struc** 
turc, 46 

— crystal structure, 47 

— dioxide, 45, 59, 60 

— disulBde, 62 

— (Ill) double salts, 56 

— fluoride, 58 

— history*, 50 

— hydride, 45, 52 

— (Ill) hydroxide, 57 

— nitride, 57 

— occurrence, 50 

— (Ill) oxide, 57 

— preparation, 50, 51 

— properties, 51, 52 

— salts, uses, 53 

— sulfates, 58 

— (HI) sulfate, 56 

— tetrabromidc, 58 

— tetrachloride, 51, 57, 58 

— tecraiodide, 58 
Titanyl compounds, 54 
Tombak, 375 

Topochemical reactions, 756 
Tracers, 582, 583, 584, 585 
Tracer methods, 540 
Transition elements, iv, vi, vn 
Translational energy, 545, 703 
Transmutation, 456 
Transuranic elements, i, 593, 

596. 607 

-nuclear species, 608, 609 

-occurrence, 616 
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I ransuranic chTncnu, radioac¬ 
tive disintegration series^ 636 
Triacidoaquodiammincchro- 
mium (HI) compounds. 149 
Triacidotriaminincchromium 
(III) compounds, 149 
Triacidotriaquochroniiurn 
(111) compe^unds, 149 
triads, 1 

Trialkyl platinum halides. 345 
'rriaquotriainmincchromium 
(111) compounds, 146 
Triarsenaiomangancse(l II) 
acid. 225 

Trichlorooxoauratc ions, 41 1 
Trichromate ion, 152 
Trichromates, 119, 153 
Tricobalt tctrasulfide, 296 
Trioxalaiochromaic(111) com¬ 
pounds, 141 
'I'riplitc, 273 
Tritium, 553 
Trizinc diphosphidc, 439 
Troilite, 276, 653 
Trooslitc, 428, 444 
'I roposplicrc, 645 
Tumtrsccncc, 759 
Tungstates, 119, 120, 174, 176, 

»77 

Tungsten, 119. 172, 645 

— acido-salts, 185, 186 

— alloys, 122 

— analytical, 186 

— blue, 179, 186 

— bronzes, 174, 178, 179 

— compounds, 174 

— dibromide, 175 
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